AD-A221  186 


ESL-TR-Sa-62 


IN  SITU  SOIL  DECONTAMINATION 

BY  RADIO-FREQUENCY  HEATING- 
FIELD  TEST 


H.  DEV,  J.  ENK,  G.  STRESTY,  J.  BRIDGES, 
0.  DOWNEY 

ILLINOIS  INSTITUTE  OF  TECHNOLOGY 
RESEARCH  INSTITUTE 
10  W.  35th  ST 
CHICAGO  IL  60615 

SEPTEMBER  1989 

FINAL  REPORT 

JANUARY  1987— APRIL  1988 


*PPftOVED  FCfl  PUBLIC  SHJEASE:  DISTRIBUTION  UNLIMITED 


AIR  FORCE  ENGINEERING  &  SERVICES  CENTER 
ENGINEERING  &  SERVICES  LABORATORY 
TYNDALL  AIR  FORCE  BASE,  FLORIDA  32403 


<200302.1 1  oan. 


.!  <  4k Vtti  '*«*l  -)i»k  1 


NOTICE 


Please  do  not  request  copies  of  this  report  from 
HQ  AFESC/RD  (Engineering  and  Services  Laboratory). 
Additional  copies  may  be  purchased  from: 


National  Technical  Information  Service 
5285  Port  Royal  Road 
Springfield,  Virginia  22161 


Federal  Government  Agencies  and  their  contractors 
registered  with  Defense  Technical  Information  Center 
should  direct  requests  for  copies  of  this  report  to: 


Defense  Technical  Information  Center 
Cameron  Station 
Alexandria,  Virginia  22314 


UNCLASSIFIED 

rrsitv 


REPORT  DOCUMENTATION  PAGE 


form  Approved 
OMSN a.  0/04-0189 


\a.  REPORT  SECURITY  CLASSlfiCATIOi. 

“  SECURITY  CLASSIFICATION  AUTHORITY 
is  DECLASSIFICATION/  DOWNGRADING  SCHEDULE 
“  PERFORMING  ORGANIZATION  REPORT  NUWSER(S) " 
IITSI  Project  NO.  C06666,  C06676 


I  b  RESTRICTIVE  MARKINGS 


3.  DISTRIBUTION /AVAILABILITY  Of  RSaORT 

Approved  for  Public  Release 
Distribution  Unlimited 

5  MONITORING  organization  report  numbers 


ia.  NAME  Of  PERFORMING  ORGANIZATION  j  6b.  OFFICE  SYM3C 

Illinois  Institute  of  Technology^ 
Research  Institute _ j 

,  6c  ADDRESS  {City,  State,  and  ZIP  Code) 

10  W.  35th  St. 


676  ESL-TS-83-62 

6b.  OFFiCE  SYMBOL  7*.  NAME  OP  MGNiTGRNC  ORGANIZATION 

ogy(tf  applicable)  USAF  space  Division 


7b.  ADDRESS  (Crty,  Star*,  and  ZIP  Code) 

P.  0.  Box  92960 

Worldwide  Postal  Center 
Los  Angeles  CA  90009 

[3b  OffiCE  SYMBOL  9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

I  ve  re  a  f* * _ XV—  PA  A  “T  A 1  Oil  A  A  A  A 


(if  applicable) 
RDV 


-  r\  t  .vi  u  i  v  i  iiijiauirtiv  •  w  u  n  >  >•  i  ■ 

USAF/SD  Contract  No.  F04701-86-C-0002 


Chicago  IL  60616 

“  NAME  C?  PUNOlNG/ SPONSORING 
i  ORGANIZATION 

HQ  AFESC 

”ic  ADDRESS  (City,  State,  and  ZIP  Code) 
Tyndall  A>B  FL  32403-6001 


1 1  TITLE  (Include  Security  Classification) 

In  Situ  Soil  Decontamination  by  Radio-Frequency  Heating-Field  Test 


PROGRAM 

PROJECT 

TASK 

ELEMENT  NO. 

NO 

NO 

63 

2103 

70 

WORK  UNIT 
ACCESSION  N 

-  99 


u'  CTa/rgS,  s.  ;tr.«7.  J.  nr»«..,  D.  Do»°«y _ 

:-v 1  ^"■-r«lFPORT  ""Si  3b  TIME  COVERED  1 14.  DATE  Of  REPORT  (Year.  Month.  Day)  IIS.  PAGE  COUNT 

Final  FROMJan87  TO  Apr  88  Septenber  1989  j _ 


IS.  SUPPLEMENTARY  NOTATION  ,  .  .  _ 

Availability  of  this  report  is  specified  on  reverss  of  the  front  cover 


COSATI  COOES _ 

:OUP  i  SU  8-GROUP 


SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 


ISoil  Decontamination,  Radio-Frequency  Heeting 
Thermal  Treatment,  Firs  Training  Areas 

\i.  Ao STRICT  (Continue  an  reverie  if  necessary  and  identify  by  block  numoer) 

This  report  summarizes  a  successful  pilot  test  of  radio-frequency  soil  decontamination 
performed  at  an  abandoned  fir#  training  area  on  Volk  Field  AHGB  WI.  The  results  of 
preliminary  laboratory  column  studies  are  provided  as  veil  ss  s  complat#  discussion  of  soil 
sampling  and  analytical  methods.  Approximately  500  cubic  fast  of  soil  was  hasted  to  a 
temperature  of  150°C  using  radio-frequency  energy.  During  the  12  diys  of  heating,  the 
hot  vapors  were  collected  from  the  soil  surface  and  concentrated  using  a  condenser  and 
Activated  carbon.  Final  soil  sampling  ahowed  excellent  removal  rates  of  fuel 
contaminants.  Over  99  percent  of  the  aromatic  compounds,  such  ss  benzene, were  removed  from 
the  soils.  Less  volatile  aliphatics  were  reduced  by  over  95  percent.  A  complete  auamury 
0f  operating  conditions  and  toil  decontamination  results  are  provided  in  thie  report. 


J0  JlSTRiJUTION/ AVAILABILITY  Of  ABSTRACT 
T]  ijNCUASSIflf  OAJNt  IMITEO  □  SAME  AS  RPT 

i;t  NAME  Of  RESPONSIBLE  INDIVIDUAL 


Ijt  ABSTRACT  SECURITY  CLASSIFICATION 

I  otic  USERS  !  UNCLASSIFIED 

|22b  telephone  (include  Area  Code)  ilc  OffiCE  symbol 
(904  )  283-2942  HQ  AFSSC/RDV 


Previous  editions  are  obsolete.  A 

i 

(The  reverse  of  this  page  is  blank.) 
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SUMMARY 


The  radio-frequency  (2F)  soil  decontamination  process  removes  volatile 
hazardous  waste  materials  through  in  situ  heating  of  the  soil  and 
volatilization  of  the  hazardous  substances.  The  gases  and  water  vapors 
generated  by  heating  of  the  soil  «re  recovered  and  collected  from  the  heated 
zone  and  sent  to  an  onsite  gas  cooling  and  treatment  system.  A  concentrated 
condensate  stream  is  produced  containing  vater  and  the  organic  phases. 

A  field  test  was  performed  at  the  Volk  Field  Air  National  Guard  Base 
(ANGB),  Camp  Douglas,  WI,  to  prove  the  feasibility  of  the  R7  in  situ  soil 
decontamination  process.  The  results  of  the  field  teat  show  that  94  to  99 
percent  decontamination  of  a  500  ft3  block  of  soil  was  achieved  during  a 
12-day  treatment  period. 

The  test  site  was  located  in  a  old  fire-training  area  which  had  been-used 
to  conduct  fire-training  drills  in  simulated  aircraft  fires.  It  is  estimated 
that  approximately  50,000  gallons  of  unburned  jet  fuel  remains  in  the  sandy 
soil  of  the  fire  training  area.  The  feasibility  of  the  RT  in  situ 
decontamination  process  was  demonstrated  by  heating  a  block  of  soil  of 
dimension  6  feet  by  12  feet  by  7  feet  to  a  temperature  range  of 
150°-160°C.  Analysis  of  numerous  pre-  and  posttest  soil  samples  has 
Indicated  that  on  the  average  99  percent  of  the  volatile  aromatics  and 
aliphatics  had  been  removed  from  the  500  ft*  heated  volume.  On  the  average, 

94  percent  of  semivolatile  aliphatics  and  99  percent  of  the  semivolatile 
aromatics  were  also  renoved.  Hexadecane,  (b.p.  287. 5°C)  which  was  present 
in  the  soil,  was  analyzed  to  determine  the  removal  of  high  boiling  aliphatics; 
its  concentration  was  reduced  by  83  percent.  These  results  ahov  that 
substantial  removal  of  high  boiling  contaminants  can  be  achieved  at 
temperatures  significantly  lover  than  their  boiling  point.  This  occurs  due  to 
the  long  residence  time  provided  at  lover  temperatures  and  due  to  a  steam 
distillation  provided  by  the  native  moisture. 

Migration  of  contaminants  into  and  out  of  the  heated  zone  vas  assessed  by 

injecting  a  tracer  into  the  soil  and  sampling  for  it  in  zonec  immediately 

TM 

outside  the  perimeter  of  the  heated  volume.  Salon  tracer,  injected  4  feet 
outside  the  heated  volume  at  a  depth  of  6  feet,  vas  detected  in  the  rav  gases 


iii 


leaving  the  heated  zone,  indicating  that  soil  gases  and  liquids  were  moving 
into  the  heated  zone  from  outside.  A  contaminant  reduction  of  70-76  percent 
was  observed  in  the  immediate  area  outside  the  heated  zone.  These  results 
demonstrate  there  was  no  net  migration  of  contaminant  from  the  heated  area  to 
the  surrounding  soil. 

Cost  estimates  were  prepared  for  a  full-scale  system  to  treat  fire 
training  areas  with  typical  dimensions  of  96  feet  by  96  feet  to  a  depth  of  3 
feet.  It  is  estimated  that  the  treatment  cost  will  vary  between  $28  to  $60 
per  ton  of  soil.  These  estimates  are  substantially  lower  than  the  cost  of 
soil  remediation  by  excavation  and  incineration  which  could  be  as  high  as  $300 

per  ton. 

The  results  of  this  study  warrant  optimization  and  full-scale 
demonstration  of  the  technology  so  that  it  can  be  used  on  a  commercial  basis 
for  the  remediation  of  sites  containing  jet  fuel,  gasoline,  and  other  similar 
contaminants.  Full-scale  testing  is  planned  for  FT  90. 
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SECTION  I 


INTRODUCTION 

A.  OBJECTIVE 

An  In  situ  soil  decontaal nation  field  test  was  performed  at  the  site  of  an 
old  fire  training  pit  located  on  Volk  Air  National  Guard  Base  (AN6B),  Casp 
Douglas,  Wisconsin.  The  purpose  of  this  test  was  to  demonstrate  the  feasibi  l¬ 
ity  of  the  radio  frequency  In  situ  heating  process  for  the  decontamination  of 
uncontrolled  landfills  and  hazardous  materials  spill  sites.  Ninety-four 
percent  of  the  aliphatic  and  99  percent  of  the  aromatic  fraction  present  In 
the  sandy  soil  of  the  fire  training  pit  was  removed.  The  results  of  this  test 
have  proven  the  feasibility  of  the  in  situ  heating  process. 

Approximately  500  cubic  feet  of  soil  weighing  60,000  pounds  was  heated  In 
situ  for  7.5  days  to  a  temperature  of  150*C.  The  dimensions  of  the  heated 
zone  were  12  feet  by  6  feet  by  7  feet.  The  soil  was  maintained  at  this 
temperature  for  4.5  days.  The  soil  was  decontaminated  by  the  combined  action 
of  vaporization,  steam  stripping  and  steam  distillation  of  the  contaminants. 
A  vapor  barrier  and  collection  system  were  used  to  collect  and  recover  the 
gases  and  vapors  for  onsite  treatment. 

8.  BACKGROUND 

1.  The  Problem 

Soils  containing  solvent  and  fuel  cutamlnants  are  found  at  many  Air 
Force  Installations.  Typical  examples  are:  tetrachloroethylene,  dlchloro- 
ethane,  trichloroethylene,  and  various  aromatic  and  aliphatic  fractions  of  Jet 
fuel.  These  materials  boll  at  a  tamperature  range  of  80*  to  230*C,  and  can  be 
readily  volatilized  by  Increasing  their  temperature.  These  and  other  similar 
materials  pose  a  continuous  threat  to  the  environment  because  the  chlorinated 
hydrocarbons  are  extremely  stable  and  degrade  slowly  In  the  environment. 
Chlorinated  solvents  and  alkylbenzanes  can  mlgrata  from  the  sites  of  original 
disposal  and  contaminate  ground  water  resources. 
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There  Is  Increasing  regulatory  and  public  pressure  for  the  cleanup  of 
contaminated  sites.  Incineration  of  the  excavated  soil  containing  the  contam¬ 
inants  Is  a  proven  process  for  the  cleanup  of  such  sites,  however.  It  has 
several  disadvantages:  (1)  Incineration  Is  costly,  (2)  there  Is  a  risk  of 
contaminant  redispersion  and  personnel  exposure  during  excavation,  (3)  there 
Is  a  shortage  of  adequate  incineration  capacity  which  can  treat  large  volumes 
or  soil  with  little  or  no  fuel  value,  and  (4)  Incinerators  produce  large 
volumes  of  gases  whleh  require  treatment  before  discharge. 

At  many  contaminated  sites  the  hazardous  chemical  species  boll  In  the 
moderate  temperature  range  of  80*  to  300*C.  For  such  materials,  excavation 
and  Incineration  of  thu  soil  at  2GG0*C  represents  overkill.  A  much  more 
attractive  alternative  Is  to  remove  the  chemicals  from  the  soil  In  the  vapor 
phase  followed  by  condensation  and  ultimate  disposal  of  a  small  quantity  of 
the  hazardous  material  by  Incineration  or  other  suitable  methods. 

Other  alternative  In  situ  remediation  processes  are  soil  venting  and' 
bioremediation.  The  soil  venting  process  can  remove  the  more  volatile  com¬ 
pounds  from  soil  as  a  mixture  of  vapors  and  air.  This  Is  achieved  by  drawing 
a  vacuum  In  the  contaminated  zone  through  boreholes  drilled  In  the  soil. 
However,  the  concentration  of  the  hazardous  materials  4n  the  alrstream  Is  so 
small  that  It  cannot  be  recovered  economically  for  ultimate  disposal.  The  In 
situ  bioremediation  processes  often  suffer  from  Inefficient  oxygen  and 
nutrient  delivery  and  undesired  chemical  reactions  with  compounds  of  the  soil 
matrix. 

2.  Radio- Frequency  Heating 

The  radio-frequency  In  situ  heating  method  Is  a  technique  for  rapid 
and  uniform  Jhj  situ  heating  of  large  volumes  of  soil.  It  can  be  used  to 
Increase  the  soil  temperature  to  a  range  of  150*  to  400*C,  thus,  volatilizing 
most  of  the  hazardous  compounds  in  the  list  defined  In  Section  101  (14)  of 
Comprehensive  Emergency  Response  Compensation  and  Liability  Act  of  1980 
(CERCLA).  The  gases  and  vapor  formed  In  the  soil  matrix  can  be  recovered  at 
the  surface  or  through  the  electrodes  used  for  the  heating  process.  Because 
the  process  does  not  use  heat  transfer  fluids  or  in  situ  combustion  of  fuels. 


a  concentrated  gas  stream  can  be  recovered  and  the  contaminants  easily 
separated  by  condensation  and  carbon  adsorption.  Because  the  soil  Is 
uniformly  heated,  a  wore  uniform  decontaml nation  of  the  heated  zone  can  be 
achieved  than  could  be  obtained  by  applying  a  vacuum  through  a  pattern  of 
multiple  boreholes.  Another  advantage  of  the  In  situ  heating  method  Is  that 
it  conditions  the  soil  by  Increasing  the  permeability  to  gas  flow  by  removing 
the  soil  moisture  from  the  pores.  This  allows  for  uniform  collection  of  the 
volatilized  contaminants  from  the  surface  or  from  the  electrode  boreholes. 

Radio- frequency  heating  Is  performed  by  the  application  of  electromag¬ 
netic  energy  In  the  radio  frequency  band.  The  energy  Is  delivered  by  elec¬ 
trodes  Implaced  In  holes  drilled  through  the  soil.  The  mechanism  of  heat 
generation  Is  similar  to  that  of  a  microwave  oven  and  It  does  not  rely  on  the 
thermal  properties  of  the  soil  matrix.  The  power  source  for  the  process  Is  a 
modified  radio  transmitter.  The  frequency  of  the  applied  power  Is  selected 
from  the  Industrial,  scientific  and  medical  (IS*)  bard,  specifically  set  aside- 
by  the  federal  Communications  Commission  (FCC).  The  exact  frequency  of  opera¬ 
tion  Is  selected  after  evaluation  of  the  dielectric  properties  of  the  soil 
matrix  and  the  size  of  the  area  requiring  treatment. 

The  RF  heating  process  was  originally  developed  for  the  recovery  of 
hydrocarbonaceous  resources  from  deposits  of  oil  shale  and  tar  sands.  Several 
in  situ  heating  experiments  were  performed  (Reference  1)  on  such  Jeposlts 
ranging  In  size  from  35  to  660  cubic  feet.  In  which  the  resource  was  heated  to 
cn  average  temperature  of  200*  to  sOO'C.  These  field  tests  conclusively 
established  the  feasibility  of  Tn  situ  heating  for  various  types  of  soil 
matrix. 

3.  Prior  Decontamination  Feasibility  Studies 

The  feasibility  of  soil  decontamination  by  thermal  mechanisms  such  as 
vaporization,  steam  distillation  and  steam  stripping  was  previously  (Reference 
2)  established  through  laboratory  and  pilot-scale  experiments.  In  the  labora¬ 
tory-scale  experiments,  soil  spited  with  tetrachloroethylene  (TRCE)  and  chlor¬ 
obenzene  (CBZ)  was  decontaminated  by  treatment  in  the  temperature  range  of  90* 
to  130*  C  for  4  hours.  It  was  shown  that  90  to  99  percent  removal  of 


the  contaminants  is.  .feasible.  Hass  balance  closure  of  75  to  104  percent  was 
denronstrated  In  these  studies. 

In  the  pilot-scale  studies  a  tall  column  of  soil  containing  jet  fuel 
was  placed  In  a  7-feet  tall,  2-1nch  diameter  stainless  steel  pipe.  It  was 
shewn  tnat  90  to  99  percent  removal  of  total  aromatics  and  total  nonaromatics 
fraction  Is  feasible  by  treatment  at  150*  to  160*C  for  14  to  40  hrs.  The  tall 
column  studies  were  designed  to  show  that  the  vaporized  contaminants  can  be 
recc < ered  frem  the  upper  surface  of  the  soil  bed.  It  was  also  shown  In  these 
exper'ments  that  higher  boiling  components  such  as  pentadecane  (boiling  point 
270. 5*C)  can  be  removed  at  lower  temperature  of  150*  to  160*C  provided  a  steam 
sweep  can  be  established  In  the  sell.  In  the  pilot  scale,  the  sweep  was 
established  by  Injecting  preheated  water  at  the  base  of  the  hot  soil  column. 
In  this  way,  at  least  94  percent  of  the  high-boiling  pentadecane  was  removed 
from  the  soil.  In  the  field,  such  a  sweep  can  be  established  by  Injecting 
water  through  the  electrode  holes. 

The  pilot  studies  also  showed  that  a  residual  concentration  profile 
does  not  develop  along  the  length  of  the  soil  column  after  treatment. 

4.  Process  Cost  Evaluation 

Preliminary  cost  studies  have  been  performed  (Reference  2)  on  the 
radio- frequency  heating  process.  The  cost  of  In  situ  treatment  of  a  contami¬ 
nated  site  was  developed  through  a  conceptual  design  of  a  treatment  system. 
The  design  was  used  to  estimate  the  capital,  and  operating  cost  of  the 
process.  It  was  assumed  that  a  contaminated  site  will  be  cleaned  up  by  the 
successive  treatment  of  modules,  each  of  9200  square  feet.  The  treatment 
depth  was  assumed  to  be  3  feet.  The  estimated  treatment  cost  varies  between 
51.5  to  $2.9  per  100  pounds  of  treated  soil,  because  of  the  amount  of  native 
moisture  present  In  the  soil  and  the  exact  temperature  of  treatment.  The  study 
assumed  e  moisture  and  treatment  temperature  range  of  5  to  20  percent,  and 
ICO*  to  250*C,  respectively.  The  capital  cost  for  a  1.0-HW  RF  treatment 
system  was  estimated  to  be  $1.5  million  and  for  a  system  that  could  treat  14 
modules  per  year. 
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In  another  study  (Reference  3),  the  cost  of  RF  treatment  of  a  site  was 
compared  with  the  cost  of  excavation  and  Incineration  In  an  approved  facility. 
It  was  estimated  the  Incineration  process  would  be  two  to  four  times  more 
expensive  than  the  RF  In  situ  treatment  process. 

C.  SCOPE 

The  purpose  of  this  phase  of  RF  technology  development  was  to  field  test  a 
pi  lei  unit  on  a  contaminated  Air  Force  site  and  carefully  evaluate  the  soil 
decontamination  process.  A  test  site  was  selected  at  Volk  Field  ANG8,  Ml 
where  25  years  of  fire  fighter  training  exercises  had  contaminated  soils  with 
JP-4,  waste  oils,  and  Improperly  disposed  of  solvents. 

The  pilot  test  was  conducted  on  a  500  cubic  feet  soil  block  Inside  the  old 
fire-training  area.  Following  careful  sampling  of  Initial  soil  contamination, 
electrodes  were  placed  In  the  soil  and  a  vapor  recovery  system  was  set  up  over 
the  test.  bed.  The  system  was  energized  and  soils  were  heated  over  a  12-day 
period.  Contaminated  soil  vapors  were  condensed  and  organics  separated  from 
soil  moisture.  Analysis  of  over  80  soil  samples  In  the  treatment  zone  Indi¬ 
cated  that  on  the  average  99  percent  of  the  volatile  aromatic  and  aliphatic 
contaminants  were  removed. 

Following  the  test,  a  careful  accounting  of  energy  and  operation  costs  was 
made  to  project  a  full-scale  treatment  cost  of  less  than  $60  per  ton  of  soil 
decontaminated.  This  successful  pilot  test  also  Identified  several  potential 
Improvements  which  will  be  Incorporated  In  a  new  full-scale  system  and  field 
tested  In  1989. 
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SECTION  II 


LABORATORY  COLUMN  TESTS 


A.  BACKGROUND  AND  SUWWRY 

A  previous  USAF/EPA-funded  project  (Reference  2),  established  the 
feasibility  of  thermal  decontamination  of  sol-!  containing  tetrachloroethylene 
and  chlorobenzene.  These  experiments  were  performed  In  the  bench  scale,  using 
75  grams  of  spiked  sandy  soil.  The  soil  bed  was  no  more  than  2  to  3  Inches 
deep.  This  made  It  relatively  easy  for  the  contaminant  vapors  to  move  up 
through  the  soil  bed  for  recovery  In  the  condenser.  However,  In  the  field, 
the  vapors  would  have  to  move  up  to  the  surface  through  the  thickness  of  the 
heated  rone  before  collection  at  the  surface. 

The  purpose  of  performing  the  laboratory  column  tests  (pilot-scale  tests) 
was,  therefore,  to  demonstrate  that  at  least  95  percent  of  the  contaminants 
can  be  removed  from  tall  soil  beds  by  contaminant  vaporization  and  recovery  at 
the  top  surface.  A  6-foot  soil  bed  was  used.  This  height  was  selected  based 
on  the  preliminary  designs  of  a  field  test  at  the  Volk  Air  National  Guard  Base 
(ANGB) ,  Camp  Douglas,  Wisconsin,  In  which  It  was  planned  to  heat  soil  to  a 
depth  of  6  to  8  feet.  Pilot-scale  experiments  were  performed  on  soil  spiked 
with  contaminants,  as  well  as  that  obtained  from  Volk  ANG8.  The  field  soil 
was  contaminated  with  Jet  fuel.  The  spiked  soil  was  prepared  by  adding  solu¬ 
tions  of  C8Z  and  TRCE  to  clean  sandy  soil  which  was  also  obtained  from  Volk 
ANG8. 

Results  of  the  pilot-scale  experiments  using  spiked  contaminants  have 
shown  that  It  Is  feaslt  e  to  remove  greater  than  99  percent  of  the  contami¬ 
nants  from  the  soil.  These  experiments  were  performed  on  soil  containing  0.5 
to  36  ppm  of  TRCE  end  C8Z,  In  a  temperature  range  of  130*  to  160*C.  It  was 
also  shown  that  the  contaminants  can  be  recovered  at  the  top  surface  of  the 
soil  bed  and  that  a  residual  concentration  profile  does  not  develop  along  the 
length  of  the  heated  6-foot  tail  soil  column. 

Soil  containing  jet  fuel  (JP-4)  was  decontaminated  by  treatment  In  a 
temperature  range  of  152*-157*C  for  a  period  of  14  to  40  hours.  Jet  fuel  has 


a  normal  boiling  po-lnt  of  80*-230*C,  but  90  to  99  percent  decontamination  was 
demonstra-^j  In  the  treatment  temperature  range  mentioned  above.  It  was  shown 
that  high  boilers  such  as  pentadecane  can  be  recovered  more  efficiently  by 
providing  a  steam  sweep  created  by  water  Injection  at  the  base  of  the  heated 
bod.  Without  water  Injection,  75  percent  removal  of  pentadecane  was  observed, 
but  with  water  Injection  greater  than  94  percent  removal  was  achieved. 

The  results  of  the  pilot-scale  experiments  have  demonstrated  the  feasibil¬ 
ity  of  In  situ  treatment  of  sandy  soils  containing  fuels  and  solvents.  A 
design  was  prepared  for  an  In  situ  decontamination  field  test  at  Volk  ANGE, 
WI.  In  this  design  provision  was  made  for  Injection  of  water  Into  the  heated 
soil  to  assist  In  the  removal  of  heavy  boilers,  if  required.  The  soil  prepa¬ 
ration  methods,  experimental  procedures  and  results  for  the  pilot-scale  exper¬ 
iments  are  discussed  In  the  following  subsections. 

8.  SOIL  PREPARATION 

As  mentioned  above,  experiments  were  performed  by  spiking  clean  soil  as 
well  as  on  contaminated  soil  containing  Jet  fuel.  The  purpose  of  soil  prepa¬ 
ration  was  to  adjust  soil  moisture  content  and  to  spike  It  with  10  ppm  of  each 
of  TRCE  ar>1  C8Z.  No  soil  preparation  was  performed  for  experiments  In  which 
contaminated  soil  from  the  field  was  used. 

1.  Preparation  of  Spiked  Soil 

Four  experiments  were  performed  on  spiked  soil.  In  each  experiment, 
3.5  to  4  kilograms  of  soil  were  used.  It  was  found  that  large  quantities  of 
soil  could  not  be  reliably  spiked  at  10  ppm  level  because  of  high  volatility 
of  the  contaminants,  which  leads  to  very  high  contaminant  loss.  Evidence  of 
this  was  provided  through  measurement  of  Initial  soil  concentration  and 
inability  to  close  mass  balance.  It  Is  suspected  that  contaminant  loss  was 
caused  by  vaporization  at  each  of  several  material  handling  steps  necessary  to 
wake  the  spiked  soil.  Two  different  methods  were  used  to  prepare  the  soil. 
In  the  first  method,  four  l-kllogm  batches  of  soil  were  separately  spiked, 
then  mixed  together.  In  the  second  method,  one  5-kllogram  batch  was  prepared 
for  etch  experiment.  In  either  case,  the  observed  Initial  concentration  of 
the  spikes  In  soil  ranged  from  0  to  106.5  percent  of  the  desired  Initial 
concentration  level. 
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a.  Soil  Preparation  by  Metnod  I 

Four  separate  i-kllograa  batches  of  soil  were  made  for  each  exper¬ 
iment.  The  moisture  content  of  the  batch  was  adjusted  first,  by  measuring  the 
Initial  moisture  content  of  soil,  by  adding  the  required  amount  of  hydrocar¬ 
bon-free  water  to  give  approximately  5  percent  moisture  and  by  confirming  the 
moisture  content  by  reanalyzing  samples  obtained  from  each  batch. 

The  contaminants  were  spiked  after  soli  moisture  content  was 
adjusted.  The  soil  was  spiked  with  a  known  volume  of  a  gravimetrical ly  pre¬ 
pared  solution  of  CBZ  and  TRCE  In  hexane.  The  volume  of  spiking  solution  used 
was  adjusted  to  give  an  Initial  concentration  of  10  ppm  of  each  of  the  two 
contaminants. 

Each  time  the  soil  was  spiked  with  water  or  the  contaminants.  It 
was  tumbled  to  homogenize  the  sell.  A  sealed  glass  or  Teflon*  jar  containing 
approximately  1  kilogram  of  soil  was  placed  horizontally  on  a  ball-mill  rol-, 
ler.  Each  batch  was  tumbled  for  a  period  of  2  hours.  This  method  required 
the  separate  preparation  of  four  batches  of  soil  for  each  experiment.  When 
this  method  was  used,  all  the  4  batches  were  combined  In  a  Teflon*  bag  and 
further  mixed  by  tossing  the  soil  Inside  the  bag.  The  mixed  soil  was  then 
loaded  Into  the  reactor.  Two  samples  of  soil  were  removed  from  the  bag  to 
determine  the  Initial  concentration  of  the  contaminants.  This  method  of  soil 
preparation  was  used  for  Experiment  1  In  which  glass  tumbling  Jars  were  used 
and  for  Experiment  2  which  used  Teflon*  tumbling  jars. 

Several  problems  were  encountered  during  the  preparation  of  soil 
with  the  above  method.  These  are: 

•  The  soil  forms  a  cake  on  the  walls  of  the  glass  jar  and 
does  not  tumble  properly,  even  when  the  jar  Is  hit  with 
a  mallet.  This  requires  longer  tumbling  time  to  homo¬ 
genize.  This  problem  was  solved  by  using  the  Teflon* 

Jar. 

•  Because  of  considerable  loss  of  the  contaminant  spike 
during  the  various  preparation  steps,  the  actual  Initial 
concentration  of  the  soil  was  only  5  percent  of  the 
expected  concentration  based  on  the  concentration  of  the 
splklnq  solution.  This  problem  persisted  even  In  the 
Teflon*  Jar. 
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b.  Soil  Preparation  by  Method  II 

To  resolve  the  second  problem,  the  soil  mixing  procedure  was 
changed  so  that  only  one  5-kllogram  batch  of  soil  was  prepared  per  experiment 
Instead  of  four  1-kllogram  batches  per  experiment.  It  was  expected  that  by 
reducing  tne  number  of  steps  requiring  transferring  soil  from  one  container  to 
another,  volatilization  losses  wouia  be  minimized.  The  5-kllogram  batches 
were  prepared  In  a  stainless  steel  V-blender.  To  decrease  contaminant  vola¬ 
tilization  losses  even  further,  the  spiking  solution  solvent  was  changed  from 
hexane  to  the  higher  boiling  decane.  And  finally,  the  Initial  spiking  levels 
were  Increased  from  10  ppm  to  50  ppm  for  each  of  the  two  contaminants.  The 
modified  method  was  used  for  Experiments  3  and  4. 

The  method  of  sampling  the  soil  was  also  changed  for  Experiments  3 
and  4.  For  Experiments  1  and  2,  the  samples  were  obtain  from  the  Teflon*  bag 
before  loading  the  reactor.  For  Experiments  3  and  4,  the  samples  were  ob¬ 
tained  from  the  funnel  used  for  pouring  the  soil  Into  the  reactor.  Four  grab 
samples  were  taken  at  different  times  from  the  funnel  as  the  soil  was  being 
packed.  The  four  samples  were  combined  In  a  sealed  jar,  tumbled  and  then 
split  Into  two  aliquots  of  75  gram  each.  These  two  aliquots  were  analyzed  to 
determine  the  Initial  soil  concentration. 

It  was  found  that  even  with  the  new  equipment  and  procedures, 
extensive  loss  of  the  spiked  contaminants  occurred  as  determined  by  an  analy¬ 
sis  of  the  soil  samples.  Because  of  the  difficulties  In  preparing  C8Z  and 
TRCE  spiked  soil  columns,  a  decision  was  made  to  continue  column  testing  with 
soils  from  an  actual  contaminated  site. 

2.  Preparation  of  Field  Samples 

Soil  containing  jet  fuel  wa*  obtained  from  the  Fire  Training  Pit 
located  at  Volk  AM63.  Soil  was  obtained  by  drilling  holes  through  the  contam¬ 
inated  zone  with  a  bucket-auger.  The  sarqsles  were  stored  In  0. 25-gallon  glass 
Jars  with  a  Teflon*-11ned  screw  cap.  All  samples  were  kept  In  an  Ice  box 
until  use.  Each  jar  had  approximately  1.0-1. 5  kilogram  of  soil. 


The  experiments  were  performed  by  packing  3. 5-4.0  kilogram  of 
contaminated  soil.  As  a  result,  more  than  one  jar  was  needed  to  pack  the 
reactor.  8efore  packing  the  reactor,  samples  of  soil  were  taken  from  each 
jar.  Soil  samples  were  obtained  by  Inserting  a  glass  tube  all  the  way  Into 
the  soil.  The  soil  contained  In  the  tube  was  transferred  to  a  sealed  Teflon* 
jar.  All  samples  obtained  from  all  jars  used  In  each  experiment  were  coablned 
In  the  Teflon*  jar  and  tumbled  on  a  ball -alii  roller.  From  the  tumbled  sam- 
ple,  two  150-graa  aliquots  were  obtained  for  determination  of  Initial  soil 
concentration  by  the  Nlelson-Kryger  steaa  distillation  method. 

C.  EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 

The  pilot-scale  experiments  were  performed  by  packing  3. 5-4.0  kilogram  of 
contaminated  soil  In  a  stainless  steel  pipe  reactor  of  diameter  1.5  inches  and 
length  7  feet.  External  heating  tapes,  thermocouples,  and  Insulation  were 
added.  The  top  of  the  reactor  was  connected  to  a  glass  water-cooled  condenser 
equipped  with  a  condensate  recovery  leg  as  shown  in  Figure  1.  The  condensate 
was  collected  In  a  chilled  receiver.  A  Tenax*  bed  was  attached  to  the  gas 
outlet  port  of  the  condenser  to  trap  any  uncondensed  vapors. 

Two  temperature  controllers  were  used  to  control  the  temperature  of  the 
reactor  as  well  as  that  of  the  vapor  line  connecting  to  the  condenser. 

In  most  experiments,  water  was  Injected  at  the  base  of  the  soil  column. 
The  purpose  of  water  Injection  Is  to  simulate  a  steam  sweep  through  the  soil 
column.  In  the  field,  a  steam  swe?p  will  be  established  In  the  soil  due  to 
vaporization  of  native  moisture  In  the  heated  zone.  The  sweep  will  be  main¬ 
tained  due  to  Intrusion  of  water  from  the  surrounding  unheated  soil.  Before 
water  Injection,  the  receiver  wes  replaced  with  a  new  empty  receiver.  In  one 
experiment,  the  soil  wes  maintained  at  two  different  temperatures  before  steam 
injection.  In  this  case,  the  distillate  receiver  was  changed  each  time  the 
temperature  wes  changed  and  also  before  steam  Injection.  This  allowed 
separate  quantification  of  the  Incremental  amount  of  contaminants  condensed  as 
a  result  of  changes  In  the  operating  conditions. 


Figure  1.  Mlot-^cele  Soil  Decontealnetlcn  Setup  for  Solvents  and  Fuel 


At  the  end  of  the  experiment,  the  reactor  was  allowed  to  cool  down  before 
disconnecting  the  condenser.  During  the  cool-down  period,  the  vapor  intercon¬ 
nect  lines  were  kept  heated.  The  condenser  and  the  vapor  lines  were  discon¬ 
nected  when  the  soil  had  returned  to  room  temperature.  The  vapor  lines,  the 
Interior  of  the  condenser,  the  Tanax*  trap,  and  the  distillate  line  wv?re  thor¬ 
oughly  rinsed  with  hexane.  These  rlnsate*  were  combined  with  the  distillate 
from  the  last  receiver,  which  (In  all  the  experiments)  contained  cono^nsate 
recovered  after  water  Injection. 

The  cooled  soil  was  removed  from  the  reactor  over  a  long  mylar  sheet.  An 
attempt  was  made  to  obtain  the  concentration  as  a  function  of  depth.  This  was 
done  by  moving  the  Inclined  open  reactor  over  the  mylar  sheet.  The  direction 
of  reactor  movement  was  opposite  to  the  direction  of  soil  motion.  In  this 
fashion,  a  bead  of  soil  was  laid  out  over  the  mylar  sheet.  The  length  of  the 
bead  was  measured  and  75  gram  samples  were  taken  from  the  two  extreme  ends  and 
the  middle  of  the  bead,  representing  the  top,  bottom,  and  middle  of  the  packed- 
soil.  All  the  remaining  soil  was  placed  In  a  sealed  glass  jar,  tumbled,  and 
sampled  to  obtain  an  •average8  sample  for  the  entire  bead.  All  the  rwwval 
calculations  ere  based  on  the  analysis  of  the  "average*  soil  sample. 

D.  PILOT-SCALE  RESULTS 

Results  of  pilot-scale  experiments  performed  with  soil  spiked  with  C8Z  and 
TRCE  are  given  In  the  section  below.  Results  of  experiments  performed  with 
soil  containing  jet  fuel  are  described  on  Page  15.  Details  of  analytical 
procedures  used  for  the  analysis  of  contaminants  In  soil  are  given  In 
Appendix  A. 

1.  Spiked-Soil  Experiments  with  C8Z  and  TRCE 

The  experimental  conditions  for  four  spiked-soil  experiments  are 
presented  In  Table  1.  The  results  of  Experiments  2,  3,  and  4  are  summarized 
In  Table  2.  Experiment  1  did  not  yield  good  results  because  the  Initial 
concentration  of  the  TRCE  was  only  0.17  ppm  and  C3Z  wtf  be lew  detection  limit. 
This  Is  prrhably  related  to  the  soil  preparation  problems  described  In  a 
previous  section.  In  Experiment  2,  the  Initial  TRCE  concentration  In  soil  was 
0.57  ppm.  Cue  to  an  oversight,  C3Z  was  not  spiked  In  this  soil.  The  soil  was 
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heated  to  137*C  from  room  temperature  at  a  rate  of  4.4*C/hr.  It  was  main¬ 
tained  at  137"C  for  a  period  of  50  hours.  At  the  end  of  this  time  period, 
approximately  2600  microgram  of  TRCE  were  recovered  as  distillate.  The  dis¬ 
tillate  receiver  was  then  replaced  prior  to  water  Injection.  Approximately  38 
milliters  of  water  were  Injected,  ho  additional  TRCE  was  collected  In  the 
second  distillate  receiver.  Analysis  of  soil  taken  from  the  reactor  at  end  of 
the  experiment  showed  that  the  concentration  of  TRCE  had  been  reduced  below 
the  detectable  limits. 

In  Experiments  3  and  4,  the  new  method  of  soil  preparation  was  util¬ 
ized,  using  the  stainless  steel  “V-blender.*  The  target  Initial  level  of 
spiking  was  50  ppm  each  of  TRCE  and  C3Z.  The  actual  Initial  concentrations  In 

Experiment  3  were:  TRCE  34.5  ppm  and  C3Z  36.4  ppm.  In  Experiment  3,  the 

soil  was  heated  to  151*C  at  a  rate  of  19*C/hr.  The  soil  was  maintained  at 

151*C  overnight  for  a  period  of  18  hrt.  At  that  time.  It  was  observed  that 

t >e  temperature  at  the  top  and  bottom  of  the  reactor  was  approximately  3G"C 
cooler  t'tan  the  middle.  To  Increase  the  bottom  and  top  temperatures,  the 
temperature  of  the  entire  bed  had  to  be  raised  to  bring  the  temperature  Inside 
the  tenter  of  the  bed  to  167#C.  Water  Injection  was  begun  as  soon  as  the 
ct-.u-r  temperature  reached  167*C.  Approximately  18  milliter  of  water  were 
Injected,  The  amount  of  TRCE  recovered  as  distillate  prior  to  steam  injection 
was  92,725  mlcrograms  and  the  amount  of  CBZ  recovered  was  86,675  micrograms. 
After  steam  Injection,  the  amount  of  TRCE  and  C8Z  recovered  was  272  and  139 
alcrogram,  respectively.  The  analysis  of  soil  from  the  reactor  after  the 
experiment  snowed  that  the  concentration  of  TRCE  and  C3Z  had  been  reduced 
below  the  detectable  limits.  These  results  are  summarized  In  Table  2. 

In  Experiment  4,  the  Initial  concentration  of  soil  was  9.5  ppm  TRCE 
and  10.7  ppm  CS2  based  on  an  analysis  of  two  Initial  soil  samples.  The  soil 
was  Initially  heated  to  123*-131*C  at  a  rata  of  17.1‘C/hours.  It  was  main¬ 
tained  In  this  range  for  a  period  of  15.7  hours.  At  the  end  of  this  time,  the 
mlcrogrems  of  C8Z.  The  temperature  was  raised  to  153*C  and  maintained  for  a 
period  of  30.4  hours.  At  the  end  of  this  time,  only  11  micrograms  of  TRCE  and 
9.75  elcrogrems  of  C3Z  were  collected.  This  shows  that  there  Is  no  need  to 
heat  the  soil  to  150"C  for  these  contw1nar.lt. 
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Approximately  20  am  Iter  of  hydroc&rbon-free  water  were  Injected,  and 
the  soil  was  kept  at  153*C  for  16  hours  after  steaa  Injection.  After  steam 
Injection,  an  additional  61  mlcrograms  of  TRCE  and  64  mlcrograas  of  C8Z  were 
collected  In  the  distillate  receiver.  The  soil  analysis  after  the  treatment 
was  0.06  ppa  TRCE  and  0.19  ppa  C8Z. 

Saaples  of  soil  were  taken  by  emptying  the  reactor  over  a  aylar  sheet 
and  forming  a  long  bead  of  soil.  The  saaples  obtained  froa  the  two  ends  of 
the  bed  and  froa  the  middle  were  analyzed  separately  to  estimate  whether  a 
vertical  concentration  profile  had  developed  In  the  soil.  Three  such  samples 
were  nbtalned  froa  all  four  experiments.  The  results  of  these  saaples  are 
shown  In  Table  3.  The  conclusion  Is  that  a  vertical  residual  concentration 
profile  does  not  develop  In  the  soil  bed. 

2.  Jet  Fuel -Contaminated  Saaples 

Two  experiments  (5  and  6)  were  performed  In  the  pilot-scale  with  soil 
contaminated  with  jet  fuel.  This  soil  was  obtained  froa  the  Fire  Training  Pit 
located  at  Volk  AHG8.  The  experimental  conditions  are  suamarlzed  In  Table  4. 

In  Experiment  5,  the  soil  was  heated  to  157*C  froa  room  temperature  at 
an  average  rate  of  15.2*C/hr.  It  was  maintained  at  157*C  for  14.4  hours.  The 
time-temperature  history  for  this  experiment  Is  shown  In  Figure  2.  The  exper¬ 
imental  conditions  w*re  suamarlzed  In  Table  4  (page  16). 

In  Experiment  6,  the  soil  was  heated  to  152*C  from  roast  temperature  at 
an  average  rate  of  21.6*C/hr.  Thw  time-teaperature  history  of  this  experiment 
is  shown  In  Figure  3.  The  soil  was  maintained  at  152’C  for  17.4  hours.  At 
the  end  of  this  time  period,  the  distillate  receiver  was  replaced  to  start  the 
water  Injection.  Approximately  54  milliliter  of  water  were  Injected.  The 
water  Injection  wet  done  over  e  period  of  1.6  hours.  After  the  weter  Injec¬ 
tion,  the  reector  wes  maintained  at  157*C  for  23  hours- 

At  the  end  of  tech  experiment,  the  reactor  was  allowed  to  cool  before 
disconnecting  the  condenser.  During  the  cooling  period,  the  vapor  Intarcwmect 
lines  were  kept  heated.  The  condenser  and  the  vapor  line  were  disconnected 
when  the  soil  had  retumtd  to  room  temperature.  The  vapor  lines,  the  Interior 
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of  the  condenser,  the  Tenax*  trap,  and  the  distillate  line  were  thoroughly 
rinsed  with  hexane.  In  Experiment  5,  the  rinsates  were  combined  with  the 
distillate  from  the  receiver.  However,  In  Experiment  6,  three  distillate 
samples  were  prepared.  These  were:  the  distillate  from  the  first  receiver 
before  water  injection,  the  distillate  from  the  second  receiver  after  water 
injection,  and  finally,  the  rinsate  of  the  vapor  lines,  the  Interior  of  the 
condenser,  the  Tenax°  trap,  and  the  distillate  line. 

Samples  of  treated  soil  were  prepared  in  a  similar  way  to  that  of 
Experiments  1  through  4,  described  earlier. 

Qualitative  and  quantitative  results  of  decontamination  experiments 
performed  on  soil  containing  Jet  fuel  are  discussed  below.  In  the  subsection 
on  qualitative  results,  the  chromatograms  of  soil  extract  analysis  before  and 
after  treatment  are  compared.  In  the  section  on  quantitative  results,  analy¬ 
ses  of  soil  for  specific  target  compounds,  total  aromatics,  and  non-aromatics 
are  presented. 

a.  Qualitative 

The  mass  chromatograms  for  the  analysis  of  Initial  and  treated 
soil  samples  for  Experiment  5  are  shown  In  Figures  4(a)  and  4(b).  The  X-axis 
In  these  figures  starts  at  a  time  of  10  minutes.  The  order  of  elution  of  the 
various  peaks  Is  based  on  the  normal  boiling  points  of  the  various  compounds. 
Thus,  It  Is  estimated  that  at  30  minutes,  compounds  with  boiling  point  of 
lyO'C  should  be  eluting.  Thirty-five  minutes  represents  220*C. 

Figures  4(a)  and  4(b)  show  that  essentially  complete  cleanup  (to 
detection  limit  levels)  was  achieved  for  all  species  eluting  between  10  to  27 
minutes.  The  large  pea*  In  Figure  4b  at,  approximately  26.5  minutes.  Is  a 
standard. 

Similar  chromatograms  for  Experiment  6  are  presented  In  Figures 
5(a)  and  5(b).  In  Experiment  6,  water  was  Injected  and  the  total  soak  dura¬ 
tion  was  longer,  compered  to  that  of  Experiment  5.  In  Figure  5(b),  the  analy¬ 
sis  of  the  treated  soil  is  shown.  The  first  five  major  peaks,  counting  from 
the  origin,  are  standards. 
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Figure  2.  T1ae-Te&4>erature  History  for  Pilot-Scale  Experiment  5 
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Chromatograms  for  Experiment  5.  (a)  Analysis  of  Initial  Soil; 

(b)  Soil  Analysis  After  Treatment. 
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Figure  5 
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Chromatograms  for  Experiment  6.  (a)  Analysis  of  Initial  Soil; 

(b)  Soil  Analysis  After  Treatment. 
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Experiments  5  and  6  showed  that  significant  cleanup  is  feasible  by 
heating  the  soil  to  150*-157*C  range  followed  by  a  soak  period  of  14  to  40 
hours.  The  peak  areas  obtained  by  the  analysis  of  treated  and  untreated  soil 
extracts  are  compared  In  Table  5.  Experiment  6  shows  a  relative  total  peak 
area  response  reduction  of  99  percent;  for  Experiment  5,  the  reduction  in  area 
response  was  90  percent. 

b.  Quantitative  Results 

The  concentration  of  toluene,  pentadecane,  total  aromatics,  and  a 
total  nonaromatics  In  the  soil  before  and  after  treatment  was  determined. 
This  was  done  by  a  GC/MS  analysis  of  a  soil  extract  obtained  by  Nlelson-Kryger 
steam  distillation.  These  details  are  given  Appendix  A. 

Table  6  compares  the  Initial  and  final  concentrations  of  each  of 
the  four  contaminants  measured  for  Experiments  5  and  6.  Toluene  was  below  the 
detection  limit  for  both  the  soil  samples  of  Experiment  5.  It  is  estimated 
that  the  detection  limit  Is  approximately  3  ppm.  In  Experiment  6,  toluene 
concentration  was  reduced  from  4.3  ppm  to  below  the  detection  limit. 

When  water  was  not  Injected,  a  75  percent  reduction  of  pentadecane 
was  cbser/ed.  When  water  was  Injected,  pentadecane  was  reduced  from  55  ppm  to 
below  the  detection  limit,  a  reduction  of  94.5  percent.  In  both  experiments, 
the  total  aromatics  was  reduced  to  BOl. 

E.  CONCLUSIONS 

The  pilot-scale  experiments  performed  with  CSZ  and  TRCE  confirmed  the 
results  obtained  in  the  bench-scale  experiments  (Reference  2).  It  was  shown 
that  both  the  contaminants  can  be  removed  from  tall  columns  of  soil  In  reason¬ 
able  treatment  time  which  can  be  economically  provided  under  In  situ  condi¬ 
tions. 

When  a  6-foot  tall  column  of  soil  containing  jet  fuel  was  thermally  treat¬ 
ed  at  152*-157*C  for  14  to  40  hours,  the  reduction  In  total  contaminants 
ranged  from  90-99  percent.  Stew  sweep  generated  through  Injection  of  water 
at  the  bottom  of  the  bed  significantly  Improved  the  removal  of  higher  boiling 
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TABLE  6.  PILOT-SCALE  DECONTAMINATION  Of  SOIL  CONTAINING  JET  FUEL 
(TREATMENT  TEMPERATURE  150'-157*C) 


In  Soil 

Exp.  5 

Exp.  6 

Steam  Sweep 

No 

Yes 

Initial  Toluene,  ppm 

BC'.a 

4.3 

Final  Toluene,  ppa 

SDL 

BOL 

Initial  Pentadecane,  ppm 

104.7 

55 

Final  Pentadecane,  ppm 

25.9 

BOL 

Initial  Total  Aromatics,  ppm 

335 

479 

Final  Total  Aromatics,  ppm 

BOL 

BOL 

Initial  Total  Non-Aromatics,  ppm 

4371 

3407 

Final  Non-Aromatics,  ppm 

480 

BOL 

Initial  Area  Response 

3.52  x  10» 

3.92  x  10» 

Final  Area  Response 

0.33  x  10» 

0.04  x  10« 

X  Area  Response  Reduction 

91 

99 

Estimated  detection  Halt  based  on  Idofluorotoluene  (Internal 
standard) 

4-5  kilogram  of  soil  In  each  exper laent. 

Residence  tlae  at  final  temperature:  14  to  40  hours 


'"-actions  In  the  fuel.  For  exaaple,  without  water  Injection,  approximately  75 
•  s.cent  removal  of  pentadecane  was  removed  while  water  Injection  removed  more 
than  94  percent. 

The  tall  column  experiments  have  shown  that  In  situ  heating  followed  by 
removal  of  vapors  can  be  used  for  decontaminating  soils  under  In  situ  condi¬ 
tions. 

F.  IMP*  I CAT IONS  FOR  IN  SITU  TEST  0ESI6N 

The  pilot-scale  experimental  results  have  demonstrated  that  It  should  be 
feasible  to  decontaminate  6-  to  10-foot  thick  bee's  of  soil  by  using  the  in 
situ  healing  techniques.  For  the  Void  Field  site  which  has  JP-4  Jet  fuel, 
solvents,  degreasing  agents,  etc.  In  sandy  soil,  a  treatment  temperature  range 
of  130*-160*C  should  be  sufficient  for  at  least  90  percent  decontamination. 
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Results  on  high-temperature  boilers  such  as  pentadecane  indicate  that 
water  Injection  nay  be  necessary  to  achieve  90  percent  removal.  Water  can  be 
easily  Injected  In  the  In  situ  field  test  by  using  selected  electrodes  as 
Injection  wells.  Electrodes  are  Implaced  In  bore  holes  drilled  through  the 
soil  to  apply  RF  power  to  the  heated  volume. 

In  the  pilot-scale  experiments,  lateral  movement  of  the  heated  contami¬ 
nants  was  restrained  by  the  cylindrical  walls  of  the  reactor.  Under  field 
conditions,  no  such  physical  barriers  to  literal  contaminant  migration  exist. 
Outward  migration  from  the  heated  zone  w11ic  however,  be  mitigated  by  the 
presence  of  the  cool  soil  surrounding  the  heated  zone.  In  the  cool  zone,  the 
pores  will  contain  moisture  and  air.  Oue  to  the  presence  of  moisture,  the 
fractional  permeability  to  gas  flow  will  be  greatly  reduced,  compared  to  the 
heated  zone,  where  the  moisture  has  been  removed.  Thus,  the  path  of  least 
resistance  for  the  flow  of  contaminant  vapors  will  extend  vertically  to  the 
surface,  through  the  heated  zone,  rather  than  laterally  towards  the  cool 
zones. 

Attempts  at  spiking  large  quantities  of  soil  at  desired  Initial  concentra¬ 
tion  levels  were  unsuccessful.  This  Indicates  that  severe  difficulties  will 
be  encountered  If  attempts  are  made  to  treat  large  quantities  of  spiked  soil 
In  aboveground  reactors  to  prove  the  feasibility  of  the  In  situ  decontamina¬ 
tion  process.  Without  reliable  Initial  base-line  data,  valid  conclusions 
about  the  removal  efficiency  will  not  be  possible. 
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SITE  CHARACTERISTICS 

An  abandoned  fire  training  area  on  an  Air  Force  facility  was  selected  for 
the  field  demonstration  test.  Historical  data  Indicate  that  the  site  was  used 
for  over  25  years  and  routinely  receiver  waste  oils,  fuels  and  solvents  which 
were  deposited  In  the  100-foot  (30  meters)  diameter  pit  and  ignited  to  simu¬ 
late  aircraft  fires.  An  estimated  50,000  gallons  (190  cubic  meters)  of  waste 
hydrocarbons  have  soaked  Into  the  soils.  Soil  borings  Indicate  a  average 
total  petroleum  hydrocarbon  concentration  of  4000  mg/kg  (ppm)  extending  down 
12  fe-  t  (3.7  meters)  to  the  groundwater.  A  more  specific  gas  chromatography 
analysis  shows  an  accumulation  of  heavy  oils  In  the  upper  12  Inches  (30  centi¬ 
meters)  with  an  Increase  in  lighter  fuel  components  with  depth. 

Soils  In  the  site  are  homogeneous.  Sieve  analysis  and  penetration  tests 
Indicate  that  a  medium  grain  sand  extends  from  the  surface  to  approximately  13^ - 
feet  (4  meters)  where  fractured  sandstone  Is  encountered.  The  homrgenecus 
contamination  and  soil  found  at  this  site  were  essential  for  an  Initial, 
controlled  test  of  the  RF  technology.  Future  tests  will  address  less  homoge¬ 
nous  and  clayey  soils. 

A.  SITE  HISTCRY 

An  abandoned  fire  training  area  on  Volk  Field,  Wisconsin  was  selects  for 
this  pilot  test.  Volk  Field  is  located  at  Camp  Douglas,  Wisconsin  appjhxt' 
mately  90  miles  northwest  of  Madison.  The  mission  of  this  2,300  acre  bass 
to  provide  a  realistic  environment  for  military  units  to  accomplish 
training  in  air  and  ground  operations.  Although  the  base  has  been  used  for 
military  training  since  1886,  it  has  been  an  active  Air  National  Guard  base 
since  1947. 

Records  Indicate  that  the  fire  fighter  training  area  was  established  In 
the  1950’s  and  used  for  over  25  years.  Fire  fighters  were  trained  using 
simulated  aircraft  which  was  Ignited  using  contaminated  JP-4  fuels.  Waste 
oils  and  solvents  were  also  deposited  In  fire  training  areas  to  be  burned. 
Unfortunately,  not  all  fuels,  waste  oils,  and  solvents  were  consumed  In  the 
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fire.  An  estimated  50,000  gallons  of  these  hydrocarbons  have  soaked  Into  the 
sandy  soils  beneath  this  100  feet  diameter  fire  training  area. 

In  1984,  the  Air  Force  completed  a  survey  of  all  hazardous  waste/solll 
sites  on  Vc'lk  Field  as  a  part  of  the  Installation  Restoration  Pregram.  The 
fire  training  area  was  Identified  as  having  a  high  potential  for  groundwater 
contaml nation  and  subsequent  sampling  has  confirmed  that  considerable  quanti¬ 
ties  of  fuel  and  oils  have  contaail nated  soils  and  groundwater  downgradlant  of 
the  site.  With  the  permission  of  the  Air  national  Guard  and  Wisconsin  Depart¬ 
ment  of  National  Resources,  the  Air  Force  Engineering  and  Services  Laboratory 
has  used  this  site  to  test  new  soil  decontamination  technologies  including  the 
radio  frequency  thermal  process. 

3.  SITE  GEOLOGY 

The  geologic  formations  that  underlie  Volk  Field  are  predominantly  fine  to 
coarse-grained  sandstone  with  Interbedded  shale  and  overlying  unconsol  1 dated- 
sand  and  small  areas  of  silt  and  clay.  Soils  beneath  the  fire  training  area 
are  95  percent  sand  with  5  percent  by  weight  finer  than  sand.  The  particle 
size  distribution  of  the  soil  Is  shown  In  the  sieve  analysis  in  Figure  6. 
Mineraloglcally,  soils  are  at  least  9«  percent  alpha  quartz  with  no  clay  as 
determined  by  X-ray  diffraction. 

The  vertical  permeability  of  the  soil  in  the  unsatunted  zone  was  measured 
In  a  laboratory  permeamtter  at  4  *  10" 1  to  5  *  10"‘  cm/sec.  A  shallow,  but 
unconfined  aquifer  Is  found  at  12-13  feet  below  the  surface.  The  continual 
1 ‘aching  of  contaminants  into  this  unconfined  aquifer  can  only  be  stopped  by 
effective  soils  decontamination.  This  slta  Is  excellent  for  decontamination 
research  because  of  the  homogeneous  nature  of  the  soils  and  good  permeability. 

the  Volk  Field  site  must  be  considered  a  'best  case"  when  compared  to 
nt  ter  geologic  conditions.  It  offers  a  much  more  controlled  soil  volume  for 
•■^search.  ’  ilure  tests  must  address  the  more  challenging  problems  of  cUy  and 
•ora  het<'.*c 'iv-eous  soils. 
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C.  SITE  CONTAMINANTS 

The  soil  beneath  the  f Ire-training  pit  has  been  contaminated  with  waste 
oils,  JP-4  jet  fuel,  *.td  solvents  used  In  maintenance  functions  around  the 

base.  The  effect  of  such  contamination  on  the  soil  is  obvious  when  compared 

to  nearby  clean  soil.  The  most  obvious  differences  are  color  and  lack  of 
vegetation.  The  surface  a.w  near  surface  of  Lne  pit  1$  black,  cohesive, 
free  of  any  grass  except  at  the  edges  of  the  pit.  The  pit  emits  an  odor  of 
fuel  oil  and  surface  oil  has  enough  residual  contamination  to  feel  oily. 

Soil  borings  In  the  fire  training  area  Indicate  an  average  total  petroleum 
hydrocarbon  (EPA  Method  418)  concentrations  of  AOOO  mg/kg  extending  down  to 
the  groundwater.  A  more  specific  gas  chromatography  analysis  confirms  an 
accumulation  of  heavy  oils  in  the  upper  12  Inches  and  an  Increase  in  lighter 

fuel  components  with  depth.  Evidently  the  more  water  soluble  hydrocarbons 

have  migrated  downward  «.ver  time  and  have  concentrated  at  the  groundwater 
interface.  A  more  detailed  discussion  of  sampling  techniques  and  specific 
contaminants  Identified  Is  found  In  Section  V.  It  should  be  pointed  out  that 
no  detectable  levels  of  chlorinated  solvents  (at  0.2  ppm  level)  were  found  In 
pretest  soil  samples.  Previous  groundwater  sampling  had  Identified  TCE  In  the 
100  ppb  range. 

0.  SOIL  DIELECTRIC  PROPERTIES 

In  addition  to  quantifying  the  types  of  contaminants  and  the  extent  of 
contamination  for  a  given  target  soil  volume,  an  electromagnetic  characteriza¬ 
tion  of  the  soil  is  required  for  the  design  of  a  controlled  uniform  dielectric 
heating  system.  The  electromegnetlc  or  dielectric  properties  measured  as  part 
of  this  characterization  are  functions  of  the  applied  frequency  and  percent 
moisture  of  the  target  soil  which  Is  affected  by  the  soil's  temperature 
achieved  during  the  heating  process. 

The  exact  frequencies  chosen  for  heating  a  particular  target  soil  volume 
partially  depend  on  the  volume's  dimensions  and  the  soil's  electroamignetlc 
(EM)  characteristics.  As  a  general  rule,  the  higher  the  operating  frequency, 
the  more  readily  the  material  will  absorb  the  tnergy.  Too  rapid  absorption, 
however,  can  cause  amt  of  the  energy  to  be  absorbed  near  the  source  of  the 
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applicator  (electrode)  at  the  expense  of  not  heating  the  material  further 
away.  This  affect  can  be  lessened  with  lower  operating  frequencies.  Since 
less  power  is  absorbed  near  the  source,  better  penetration  results.  There  Is 
a  limit,  however,  to  which  the  frequency  can  be  decreased.  Since  the  absorb¬ 
ing  properties  drop  off  with  frequency,  a  reduced  heating  rate  will  result 
unless  the  amplitude  of  the  EH  fields  Is  increased.  The  amplitude  can  be 
increased  only  up  to  a  certain  point,  however,  before  corona  discharge,  spark- 
over,  or  electrical  breakdown  seriously  affects  the  operation.  Thus,  the 
precise  frequency  of  operation  Is  ideally  determined  by  the  geometry  of  the 
volume  and  the  electrical  parameters  or  dielectric  properties  of  the  material. 

In  a  practical  sense,  other  limiting  factors  include  frequency  authoriza¬ 
tion  and  power  source  availability.  The  industrial,  scientific,  and  medical 
(ISM)  band  frequency  channels  allocated  for  the  dielectric  heating  process  are 
6.78,  13.56,  27.12,  40.68,  915,  and  2,450  MH2.  Because  of  the  wide  use  of 
dielectric  heating,  relatively  inexpensive  tubes  for  power  sources  at  the  ISM- 
band  frequencies  are  available.  Therefore,  the  selection  of  an  ISM  band  fre¬ 
quency  as  the  operating  frequency  Is  preferred. 

The  key  dielectric  parameters  (relative  dielectric  constant,  loss  tangent, 
and  conductivity)  as  a  function  of  the  applied  frequency  and  the  soil  tempera¬ 
ture  in  conjunction  with  the  geometry  of  the  material  determine  tl^approprl- 
ate  selection  of  operating  frequency  and  design  of  the  electrode  array  for  a 
specific  controlled  uniform  dielectric  heating  application.  The  maximum 
allowable  heating  rate  and  the  efficiency  of  energy  distribution  within  the 
soil  are  then  determined,  based  on  the  above  and  the  dlelectrlc/corona  break¬ 
down  constraints  of  the  soil. 

Two  additional  design  factors  are  considered  In  the  selection  of  the  op¬ 
erating  frequency  and  the  electrode  array  dimensions  for  a  given  application. 
The  depth  of  penetration  or  skin  depth  of  the  electromagnetic  wave  as  It 
enters  the  volume  of  soil  to  be  heated  and  the  corresponding  wavelength  of  the 
applied  frequency  within  the  soil,  both  of  which  are  dependent  on  the  measured 
dielectric  properties  of  the  target  soil,  provldu  the  basis  for  determining 
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the  maximum  allowable  heating  rates  and  energy  distribution  efficiency  for  a 
specified  electrode  array  geometry.  The  sxln  depth  of  the  electromagnetic 
wave  is  given  by 
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where: 

a  -  skin  depth,  meters 
u  =  2  w  f;  f  »  frequency.  Hertz 

_7 

u0  •  permeability  of  free  space  •  4  *  x  10  Henry /meter 

c  -  permittivity  of  the  material  »  c0cr 
e0  *  permittivity  of  free  space  •  8.354  x  10' '  Farad/meter 
cr  -  relative  dielectric  constant 
tan  s  ■  loss  tangent. 

Similarly,  the  wavelength  at  the  applied  frequency  within  the  soil  Is  given  by 
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where:  x  •  wavelength  in  the  soil,  meter 


For  the  design  of  a  vertically  emplaced,  discrete  electrode,  tri-plate 
application  array,  as  used  for  the  field  test  of  this  technology,  the  depth  of 
contaminant  concentration  establishes  the  desired  length  of  the  vertical  tri¬ 
plate  array.  To  ensure  uniform  dielectric  heating  within  the  boundaries  of 
the  tri-plate  electrode  array.  It  Is  necessary  that  the  skin  depth  of  the 
electromagnetic  energy  be  large  compared  to  all  dimensions  relative  to  the 
direction  of  energy  propagation.  Thus,  both  the  vertical  length  of  the  elec¬ 
trode  array  and  the  electrode  row  spacing  (spacing  between  the  three  plates) 
should  be  much  less  than  the  skin  depth  of  the  electromagnetic  wave  In  the 
soli.  Since  the  skin  depth  Is  Inversely  proportional  to  the  frequency  as  well 
as  the  square  roots  of  both  the  relative  dielectric  constant  and  loss  tangent, 
the  selection  of  an  appropriate  row  spacing  Is  accomplished  at  the  highest 


frequency  of  application  desired  and  using  dielectric  parameter  associated 
with  4  'e  vaporization  phase  of  water  at  approximately  100"C.  The  row  spacing 
should  also  be  less  than  one-half  of  the  wavelength  of  the  electromagnetic 
energy  In  the  soil  to  assure  single  mode  operation.  Simultaneously,  knowing 
the  length  or  depth  of  the  tri-plate  array,  also  limits  the  highest  frequency 
for  appropriate  electromagnetic  energy  application.  The  wavelength  of  this 
frequency  In  soil  should  be  less  than  4  times  the  electrode  length  at  tempera¬ 
tures  above  110’C  or  the  water  vaporization  phase,  so  as  not  to  create  exces¬ 
sive  standing  wave  patterns  along  the  length  of  the  vertical  tri-plate  array. 
This  Is  desired  to  assure  that  the  electromagnetic  energy  Is  distributed  In  a 
uniform  sense  both  horizontally  and  vertically.  Finally,  the  design  of  the 
surface  areal  extent  of  the  vertical  tri-plate  Is  governed  by  the  method  of 
efficient  electromagnetic  energy  coupling  and  the  available  power  capacity. 
Further,  the  electrode  spacing  within  any  given  row  should  be  less  than  one- 
half  of  the  row  spacing  to  ensure  adequate  confinement  of  the  electromagnetic 
energy  within  the  desired  volume  to  be  heated. 

Once  the  array  geometry  Is  defined,  along  with  the  selection  of  one  or 
more  appropriate  frequencies  of  operation,  the  operational  power  delivery 
requirements  are  determined  from  the  dielectric  parameter  data  and  voltage 
breakdown  constraints.  The  power  absorbed  by  the  soil  Is  given  by 

?  •  ••  «0«r  tan  *  (E)S  (3) 

where: 

P  ■  power  absorbed  (W) 

E  •  electric  field  Intensity,  rms  (volt/meter) 

The  geometry  of  the  tri-plate  array  and  the  measured  soil  dielectric 
properties  as  a  function  of  the  salected  operating  frequency  and  soil  tempera¬ 
ture  are  utilized  to  provide  a  prediction  of  the  electrode  array's  Input 
lepedanct  as  a  function  of  the  heating  process.  This  prediction,  along  with 
the  input  power  requirements,  provides  the  basis  for  defining  the  matching 
network  requirements  throughout  the  heating  process. 


The  dielectric  properties  of  soil  samples  obtained  from  Volk  Field  ANGB 
were  measured  as  part  of  an  earlier  phase  of  this  program,  (Reference  4)  by 
placing  the  material  Inslae  a  coaxial  transmission  line  sample  holder  and 
measuring  the  complex  input  Impedance  at  the  front  of  the  line.  The  sample 
holder  allowed  for  measurement  of  the  input  Impedance  over  a  frequency  range 
of  0.5  to  20.0  MHz  for  sample  temperatures  up  to  25G’C.  Calculation  of  the 
dielectric  parameters  of  the  material  under  test  using  this  sample  holder  are 
valid  for  those  materials  whose  permittivities  are  in  the  intermediate  to  low 
range.  This  corresponds  to  soils  with  lower  concentrations  of  water. 

The  dielectric  parameters  of  three  sandy  soil  samples  obtained  from  Volk 
Field  AHG8  were  measured  using  this  procedure.  Each  test  was  performed  on  a 
small  sample  of  approximately  200  grams  of  soil  packed  within  the  low- 
frequency/low-permlttlvlty  sample  holder  to  a  density  as  close  to  field  condi¬ 
tions  as  possible.  The  samples  consisted  of  a  clean  sandy  soil  (Sample  1) 
caken  from  an  uncontaminated  area  at  Volk  Field,  and  two  contaminated  sotl„ 
samples  extracted  from  depths  of  42  to  46  Inches  and  84  to  89  Inches  at  the 
Fire  Training  Pit  located  at  Volk  Field  (Samples  2  and  3,  respectively). 
Figures  7  through  9  Illustrate  the  relative  permittivity,  loss  tangent,  and 
conductivity,  respectively  as  functions  of  temperature  and  frequency  for  soil 
sample  3.  All  samples  tested  were  held  at  a  temperature  of  approximately 
1C5*C  for  l  hour  to  provide  ample  time  for  the  vaporization  and  removal  of 
the  moisture  within  the  sample. 

All  of  the  dielectric  parameter  curves.  Illustrated  In  Figures  7  through  9 
have  the  same  rapid  decrease  or  •roll-off*  beginning  after  the  temperature  has 
reached  110*  to  1 15*C.  This  corresponds  to  the  water  in  the  sample  being 
vaporized  and  allowed  to  escape.  The  dielectric  data  obtained  from  the  two 
contaminated  samples  were  essentially  the  same  as  those  presented  here  with 
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VOLK  FIELD  TEST  #3  (Sample  #17  -  IIT2.  Oapth  -  U4"-B9 
FOR  VARIOUS  FREQUENCIES 


34 


Relative  Permittivity  vs.  Tempera,1* •  »  for  Volk  Field  Soil. 
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Conductivity  vs.  Temperature  for  Volk  Kiel 


little  or  no  difference  In  the  dielectric  parameters  for  the  two  depths  sam¬ 
pled.  An  analysis  of  the  clean  soil,  however,  indicated  much  lower  values  for 
the  loss  tangent  and  conductivity  for  all  frequencies  as  compared  to  the 
contaminated  samples.  The  representative  data  presented  here  on  Sample  3, 
show  that,  at  temperatures  of  150  to  16G*C,  the  soil  will  be  absorbing  a  small 
percentage  of  the  power  absorbed  during  the  water  vaporization  phase.  The 
power  absorbed  at  150* C  In  contaminated  soil  appears  significantly  greater 
than  In  the  clean  soil.  This  Is  most  likely  attributed  to  the  ability  of  the 
remaining  contaminants  to  absorb  the  electromagnetic  energy.  This  represents 
the  difference  between  the  contaminated  samples  at  150*C  being  able  to  absorb 
1  percent  or  less  of  the  power  absorbed  at  100*C  and  the  clean  sample  at  150*C 
being  able  to  absorb  0.1  percent  or  less. 

The  ability  of  the  soil  to  withstand  the  high-intensity  electric  fields 
that  will  exist  within  the  electrode  array  and  at  Its  edges  was  evaluated  by 
conducting  a  dielectric  breakdown  test  as  part  of  the  earlier  phase  of  this- 
program,  on  approximately  200  grams  of  the  Volk  Field  clean  soil  (Sample  1). 
The  results  of  this  test,  although  qualitative.  Indicate  that  for  the  maximum 
applied  power  densities  planned  for  the  field  test  (approximately  2.5  kW/cublc 
meter)  no  dielectric  breakdown  Is  anticipated.  During  the  breakdown  test,  as 
the  moisture  was  evaporated  fron  the  soil  sample,  the  Impedance  of  the  sample 
increased  significantly  so  as  to  make  matching  difficult.  At  the  termination 
of  the  test,  approximately  95  percent  of  the  moisture  had  been  evaporated.  RF 
energy,  although  only  a  few  percent  of  that  applied  from  the  source,  was  still 
being  absorbed  by  the  soil  sample  as  noted  by  the  continuing  temperature 
Increase. 
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SECTION  IV 


RF  PROCESS  DESIGN 

A.  DESIGN  OBJECTIVES 

The  primary  objective  of  this  project  was  to  conduct  an  in  situ  radio 
frequency  heating  test  at  a  contaminated  site  to  demonstrate  at  least  90 
percent  reduction  in  the  overall  level  of  contaminants  present  In  the  site. 
In  an  earlier  related  program,  (Reference  2)  a  candidate  site  for  the  experi¬ 
ments  was  Identified  at  the  Volk  ANG8,  Camp  Douglas,  Wisconsin.  The  design  of 
the  RF  heating  system  was  performed  to  achieve  the  following  objectives: 

•  Heat  500  ft1  of  sandy  soil  having  a  depth  of  6  to  8  feet 

•  Demonstrate  heating  to  a  temperature  range  of  150*  to 
160*  C 

•  Maintain  temperature  for  a  period  of  4  days 

•  Evaluate  contaminant  migration  effect  from  the  heated 
zone 

•  Evaluate  migration  of  species  from  outside  of  the  heated 
zone  Into  the  heated  zone 

•  Evaluate  the  efficiency  of  the  vapor  collection  and 
treatment  system 

•  Determine  AC  power  consumed  by  the  RF  power  source  and 
obtain  cost  estimates.  Extrapolate  this  information  to 
more  efficient  power  sources. 

In  situ  heating  of  soil  requires  three  major  subsystems.  These  are:  the 
electromagnetic  heating  system,  :he  vapor  containment  and  handling  system,  and 
the  temperature  monitoring  system.  The  design  of  each  of  these  subsystems  is 
described  In  thm  following  sections,  while  the  description  of  the  field  test 
Is  summarized  In  Table  7. 


TABLE  7.  DESCRIPTION  OF  FIELD  DEMONSTRATION  TEST 

Dimensions:  Area  6  ft  x  12  ft  72  ft2 

Ground  Electrode  Depth  8  ft 

Exciter  Electrode  Depth  5  ft 

Volume  Heated,  6  ft  x  12  ft  x  7  ft  504  cu  ft 

Mass  Heated  69,000  lbs 

Water  in  Place  9  5X  by  Weight  3,450  lbs 

Hydrocarbons  in  Place  9  1,000  ppm*  110  lbs 

Chlorinated  Hydrocarbons  In  Place  at  3  ppm*  0.21  lbs 

Average  Water  8o11-Up  Rate  1.4  gph 

Average  Rate  of  Power  Delivery: 

Below  100*C  30  kW 

At  100*C  30  kW 

Above  100*C  (After  Water  Bo*’  Off)  10  kW 

Time  to  Reach  100*C  2.5  days 

Time  at  100*C  4  days 

Time  to  Reach  150*C  from  100*C  2.5  days 

Time  at  150’C  4  days 

*  Based  on  analysis  performed  by  SAI,  Inc. 
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8.  DESIGN  OF  THE  ELECTROMAGNETIC  HEATING  SYSTEM 

The  basic  configuration  of  the  EM  heating  system  consists  of  three  major 
components,  the  first  being  the  trlp’ate  electrode  array  embedded  Into  the 
contaminated  soil.  This  electrode  array  Is  connected  to  the  EM  power  system 
via  a  triplate  to  coaxial  transition  section.  The  second  major  component  Is 
the  coaxial  transmission  line  Interconnecting  the  RF  load  or  triplate  array  to 
the  matching  networx  and  continuing  from  the  matching  network  to  the  RF  power 
source.  The  last  major  component  of  the  EM  heating  system  consists  of  the 
power  source  Itself,  which  for  the  Volk  Field  test,  consisted  of  a  40  kW  HF 
band  radio  transmitter  that  was  trailer  mounted.  Details  of  the  component 
design  are  discussed  In  the  following  sections. 

1.  Electrode  Array  Design 

The  triplate  transmission  line  1$  an  example  of  a  f leld-conf Inlng 
guide,  simply  described  as  a  coaxial  cable  whose  conductors  have  been  flat*, 
tened  from  their  normal  concentric  circular  conf Iguratlcn.  Figure  10  Illus¬ 
trates  the  evolution  of  the  solid  triplets  line  to  the  discrete  electrode 
conf Iguratlon  used  for  the  Volk  Field  test.  Because  of  the  large  size  of  the 
Individual  electrode  planes  compared  to  their  separation,  the  field  between 
the  Inner  conductors  and  the  outer  conductors  Is  essentially  uniform,  except 
near  the  edges  of  the  Inner  conductor  plane.  Soil,  or  any  lossy  dlalectrlc 
placed  within  this  electric  field  will  be  heated  in  a  nearly  uniform  and 
controlled  manner. 

The  data  obtained  from  the  dielectric  parameter  measurement  exper¬ 
iments,  were  used  to  design  the  electrode  array  and  predict  the  variation  in 
its  Input  Impedance  as  a  function  of  the  average  soil  temperature  during  the 
heating  process.  Based  on  the  data  obtained  and  on  experience  In  heating,  the 
dielectric  power  absorption  for  soil  ta^eratures  of  125*  to  130*C  could  be 
expected  to  be  achieved  w'th  little  difficulty.  Final  temperatures  In  the 
150*  to  160*C  range,  for  *  type  of  soil  found  at  the  Fire  Training  Pit  at 
Volk  Field  AWGB,  appeared  obtainable  but  posed  additional  electrical  design 
difficulties.  These  difficulties  Included  the  need  for  the  designing 
of  separate  impedance  eetchlng  netware  components  for  both  the  lower 
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temperature  and  higher  final  temperature  range.  Provisions  were  also  included 
in  the  original  design  to  use  a  dual -frequency  electrode  array  in  the  event 
that  at  the  higher  final  temperatures  the  input  Impedance  to  the  electrode 
array  presented  too  great  a  elsaatch  for  even  the  second  etching  network  to 
accommodate.  Two  ISM  band  frequencies  (6.73  and  13.56  Mh2)  were  identified 
for  use  during  the  Volk  Field  heating  demonstration. 

A  6  feet  by  12  feet  area  of  the  fire  training  pit  was  heated  using 
the  triplate  electrode  array  shown  4n  Figure  11.  In  the  top  left  hand  corner 
of  the  figure  a  plan  He*  of  the  electrode  array  is  shown.  Three  electrode 
rows  were  Implaced  In  drill  holes  bored  through  the  soil  with  a  hand  bucket 
auger.  In  each  row  there  were  13  copper  electrodes,  spaced  1-foot  apart.  The 
length  of  each  row  was  12  feet.  The  spacing  between  each  of  the  three  rows 
was  3  feet  as  shown  In  View  AA  of  Figure  11.  The  depth  of  the  two  outer  rows 
of  electrodes  was  8  feet  while  the  center  row  depth  was  6  feet.  The  two  outer 
electrode  rows  are  called  the  ground  planes  and  the  center  row  Is  called  the- 
exclter  plane. 

All  the  electrodes  In  each  row  were  electrically  connected  together 
with  brass  straps,  as  shown  in  the  Views  B8  and  CC  of  Figure  11.  Five 
electrodes  in  each  row  were  3  Inches  longer  than  the  other  electrodes,  so  that 
they  could  pass  through  the  vapor  barrier  and  connect  to  the  RF  power  feed 
transition  vfctle.'.  The  ends  of  all  the  ilectrodes  were  capped  with  end-caps 
to  prevent  moisture  from  entering  the  electrodes.  If  moisture  Is  allowed 
inside  the  electrodes  a  heat-pipe  Is  set  up  within  each  electrode. 

Iht  test  plan  called  for  a  1-foot  wide  trench  outside  the  electrode 
array  be  excavated  and  backfilled  with  clean  soil  from  the  site.  The  purpose 
of  this  trench  wet  to  essest  the  migration  of  contaminants  from  the  heated 
zone  to  the  surrounding  soil.  Tretch  excavation  was  not  possible  because  e 
severe  cave-in  of  the  treatment  r one  occurred.  It  was  decided  to  obtain  soil 
samples  from  the  trench  tree  before  and  after  the  test  to  determine  whether 
contamlnent  mlgretlon  had  occurred  and  to  conduct  a  Halon*  tracer  test  to 
determine  soil  get  flow  direction. 
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Electrode  Array  Oeslgn 


2.  RF  Transition.  Section 

The  RF  transition  section  Is  a  carefully  designed  geometric  structure 
used  to  change  the  shape  of  the  coaxial  RF  power  cable  Into  a  trlplanar  RF 
cable  which  provides  power  to  the  electrode  array.  Such  a  structure  possesses 
specific  electrical  waveguide  properties  which  confine  the  RF  radiation  within 
a  shielded  zone,  while  unlforely  distributing  power  to  the  electrodes. 

Figure  12  shows  a  layout  sketch  of  the  RF  transition  section.  An 
artist's  conceptual  sketch  of  the  RF  transition  section  as  Installed  Is  shown 
In  Figure  13.  A  6  l/8-1nch  diameter  coaxial  Input  Is  translated  downwards,  by 
copper  and  brass  solid  metal  structures,  to  the  electrode  connection  points. 
A  door  allowing  access  within  the  transition  region  was  provided  to  facilitate 
innerconnectlon  of  thermocouples  Installed  In  the  center  row  electrodes. 
These  metal  thermocouples  «ust  be  disconnected  while  the  RF  power  Is  being 
applied. 

3.  Matching  network  and  Power  Transmission  System 

The  RF  matching  network  can  handle  high  power  and  Is  used  to  obtain 
optimum  conditions  for  power  transmission  between  the  RF  power  source  and  the 
soil-loaded  electrode  array.  Optimum  power  transfer  Is  accompllsned  by  match¬ 
ing  the  Impedance  of  the  array  to  the  output  Impedance  of  the  power  source. 
When  these  Impedances  are  mismatched  the  load  does  not  absorb  all  the  generat¬ 
ed  power.  Instead,  some  of  the  EM  energy  Is  reflected  back  to  the  power 
source.  The  reflected  energy  Is  dissipated  as  heat  In  the  matching  network 
components  and  the  power  transmission  cable.  Mismatches  are  detected  by 
measuring  the  forward  power  and  the  reflected  power  et  the  output  of  the  RF 
power  source.  Variable  components  of  the  matching  network  are  then  adjusted 
to  reduce  the  reflected  power  to  zero  and  to  obtain  a  matched  condition. 

Two  matching  network  designs  were  used  for  the  demonstration  test 
conducted  et  Volk  Field  A*GB.  Both  designs  relied  on  available  high  power  RF 
capacitors  In  both  series  end  shunt  conf Iguretlons  and  the  use  of  a  portion  of 
coaxial  cable  functioning  as  e  line  stretcher  between  the  electrode  array  and 
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the  variable  capacitors.  One  matching  network  conf Iguratlon  was  designed  for 
operation  when  the  electrode  array  Input  impedance  generated  a  standing-wave 
ratio  (SWR)  of  no  greater  than  15:1.  The  second  matching  network  configura¬ 
tion  covered  an  SWR  range  of  15:1  to  35:1. 


The  ten*  standing-wave  ratio  (SWR),  used  to  quantify  the  Impedance 
mismatch  between  a  load  and  Its  coupling  source  impedance.  Is  defined  as 
follows: 


3 


(4) 


and 


(5) 


where  o  •  reflection  coefficient 
Z,  *  complex  load  Impedance 

Z0  •  characteristic  Impedance  presented  to  the  load 
SWR  •  standing  wave  ratio 

The  vaporization  of  the  bulk  of  the  moisture  within  the  soil  occurs 
while  the  electrode  array  SWR  remains  below  15:1,  and  corresponds  to  a  final 
average  soil  temperature  In  the  115*  to  130*C  range.  As  the  average  soil 
temperature  Is  elevated  from  130*C  tc  160*C,  the  SWR  Increases  from  15:1  to 
approximately  35:1  fur  the  single  frequency  case.  The  components  required  to 
achieve  these  higher  SWR  ratings  In  and  of  themselves  require  component  cool¬ 
ing.  Tnls  cooling  is  supplied  by  means  of  circulating  deionized  water  through 
the  plates  and  fins  of  the  variable  capacitors  for  this  matching  network 
conf Iguratlon. 

/  II  the  components  Involved  In  both  of  the  matching  network  configura¬ 
tions  were  comprised  of  I1TR!  available  equipment  and  equipment  available  for 
use  on  this  program  as  a  result  of  a  DOC  cooperative  program  evaluating  the  RF 
heating  of  tar  sands. 
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The  coaxial,  transmission  line  section  used  as  the  line  stretcher  In 
both  matching  network  configurations  required  pressurization  with  dry  nitrogen 
to  no  greater  than  one  atmosphere  gauge  pressure,  and  a  maximum  pressurization 
to  5  pslg  using  Freon  116.  The  Freon  116  provided  additional  cooling  while  at 
the  same  time  maintaining  voltage  withstand  capability  within  the  coax  trans¬ 
mission  line. 

An  IITRI  designed  and  fabricated  In-line  coaxial  iaqiedance  meter 
section  was  installed  In  both  of  the  matching  network  configurations.  Data 
obtained  fro*  the  In-line  impedance  meter  provided  real-time  tracking  of  the 
array's  Input  Impedance. 

The  40  kkf  HF  band  radio  transmitter  capable  of  operating  at  either  of 
the  two  ISM  band  frequencies,  6.78  or  13.56  MHz  functioned  as  the  power  source 
for  the  demonstration  test  at  Volk  Field.  The  output  of  the  RF  power  source 
was  connected  to  the  matching  network  via  3-l/8-1nch  rigid  and  3-1nch  flexible 
coaxial  transmission  line.  Both  forward  and  reflected  power  meters  were" 
Installed  between  the  Rf  power  source  and  the  Input  to  the  matching  networks 
to  provide  process  data  as  well  as  Input  to  the  matching  network  control 
functions.  Figure  14  provides  an  overview  of  the  EM  heating  systems  Intercon¬ 
nection  for  the  demonstration  test  at  Volk  Field  AN68. 

C.  VAPOR  CONTAINMENT  ANO  HANDLING  SYSTEM 

As  the  soil  Is  heated  In  «  ^u,  gases  #nd  vapors  form  as  a  result  of  con¬ 
taminant  vaporization  and  boiling  of  water.  These  vapors  were  collected  at 
the  surface  of  the  heated  zone  for  treatment  In  a  vapor  cooling  and  condensa¬ 
tion  system.  A  vapor  barrier  was  designed  to  contain  the  vapors  In  the  zone 
above  the  surface  of  the  heated  area  and  to  facilitate  their  collection. 

1.  Vapor  Barrier  end  Collection  System 

The  design  of  the  vapor  barrier  and  the  collection  system  Is  shown  in 
Figure  13  (Page  46).  The  vapor  barrier  was  eade  from  0. 125-Inch  tnlck  silicon 
rubber  sheet.  This  sheet  was  stretched  over  the  heated  zone  from  end  to  end 
and  allowed  to  extend  on  to  a  concrete  pad  poured  around  the  perimeter  of  the 
heated  zone.  The  'picture-frame*  concrete  pad  and  the  rubber  sheet  are 


48 


worn 


Illustrated  In  Figure  13.  The  concrete  pad  was  12  Inch  wide,  and  varied  In 
thickness  fro*  3  to  6  Inches,  to  provide  a  true  horizontal  top  surface  to 
which  the  rubber  sheet  was  bonded  with  a  silicon  adhesive.  A  layer  of  pea 
gravel  was  poured  Inside  the  concrete  pad.  Two  horizontal,  perforated  gas 
collection  lines  were  placed  4n  the  pea  gravel  and  manifolded  together  as 
shown  In  Figure  13  (Page  46).  The  gas  collection  lines  were  electrically 
bonded  to  the  ground  plane  electrodes  with  brass  straps.  The  gas  collection 
lines  were  made  fro*  copper.  This  was  done  as  a  matter  of  convent  ._e  only 
since  spare  electrode  tubing  material  was  available. 

A  2-1nch  thick  layer  of  thermal  Insulation  was  placed  over  the  vapor 
barrier  to  reduce  heat  loss  fro*  the  heated  zone  and  to  reduce  condensation  of 
the  vapors  In  contact  with  the  Inner  surface  of  the  barrier. 

2.  Vapor  Handling  System 

The  purpose  of  the  vapor  handling  system  was  to  remove  the  vapors  fro* 
the  collection  zone  below  the  vapor  barrier  and  to  cool  and  condense  the 
vapors  In  an  air-cooled  heat  exchanger.  The  uncondensed  gases  were  treated 
through  a  carbon  bed  before  release  to  the  atmosphere.  Figure  15  Is  a  flow 
diagram  of  the  vapor  handling  systea.  The  gas  collection  manifold  was  heat- 
traced  and  connected  to  the  inlet  of  a  finned-tube,  air-  cooled  heat  exchanger 
designed  to  reject  41,000  Btu/hr.  This  Is  approximately  twice  the  anticipated 
heat  load,  based  on  the  condensation  and  subcooling  of  11.4  ib/hr  of  steam 
fro*  150*C  to  27*C.  The  outlet  of  the  heat  exchanger  was  connected  to  a 
stainless  steel  separator  drum  In  which  condensed  hydrocarbons  and  soil 
moisture  were  separated  from  the  gas  stream.  A  Teflon*  demister  pad  was 
Installed  In  the  drum  to  remove  any  liquid  particulate  carryover  In  the  gas 
stream.  The  liquid  collecting  In  the  separator  was  siphoned  Into  a  condensate 
collection  drum. 

The  outlet  of  the  separator  was  connected  to  a  carbon  bed  containing 
150  pounds  of  type  CPI  carbon  supplied  by  Calgon.  The  outlet  of  the  carbon 
bed  was  connected  to  two  20  cfm  blowers  which  were  used  to  remove  the  vapors 
from  the  collection  zone  and  transport  them  through  the  vapor  handling  system. 
The  vapor  collection  zone  below  the  silicon  rubber  vapor  barrier  was 
maintained  at  a  vacuum  of  0.5  to  0.6  Inches  of  H}0. 
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D.  TEMPERATURE  MONITORING  SYSTEM 

Tne  purpose  of  the  temperature  monitoring  system  was  to  allow  mapping  of 
t;-  spatial  temperature  distribution  within  the  heated  volume  as  a  function  of 
time.  For  this  purpose,  thermocouples  wem  attached  to  the  Inside  walls  of 
seiected  electrodes,  and  fluid  filled  thermowells  were  placed  In  boreholes  at 
various  depths  to  allow  for  temperature  measurements.  Like  the  microwave 
oven,  s;etall1c  probes  may  not  be  placed  In  the  center  of  the  heateu  volume. 
Thus,  thermocouples  were  not  placed  between  the  elec'-'cde  rows.  Thermocouples 
can  be  placed  In  the  electrodes  Itself  without  causing  electrical  difficult 
ties.  The  location  of  the  various  temperature  measurement  points  Is  Illus¬ 
trated  In  Figure  16.  The  plan  view  of  the  electrode  array  Is  shown  In  the 
upper  left  corner  of  Figure  16.  This  view  shows  the  locations  of  all  elec¬ 
trodes  containing  thermocouples,  and  all  bore  hole  locations  in  which  thermo¬ 
wells  were  placed. 

The  distribution  of  the  temperature  measurement  points  was  based  on  the 
assumption  that  the  temperature  profile  will  be  symmetric  about  the  center  of 
the  array.  Accordingly,  one  quadrant  of  the  array  was  more  densely  packed 
with  the  measurement  points  while  the  other  quadrants  had  a  lower  density, 
sufficient  to  confirm  the  assumption  of  symmetry.  The  upper  right  hand  qua¬ 
drant  In  the  plan  vltw  of  Figure  16  was  heavily  Instrumented. 

View  AA  Is  a  cross  section  of  the  heated  zone  which  Indicates  the  burial 
depth  of  the  thermowells  In  boreholes  labelled  81,  82,  and  B3.  View  AA  also 
shows  the  location  of  a  thermocouple  burled  at  a  depth  of  3-feet  In  the  trench 
area  outside  the  heated  zone. 

View  88  of  Figure  16  Illustrates  the  location  and  depths  of  thermocouples 
and  thermowells  In  the  plane  of  the  exciter  row.  Twelve  thermocouples  were 
attached  to  the  exciter  row  electrodes.  In  addition,  four  thermowells  were 
placed  on  the  seam  plane  outside  the  heated  zone  to  determine  the  rate  at 
which  heat  is  lost  to  the  surrounding  cool  soil. 

view  CC  of  Figure  16  Illustrates  the  thermocouple  and  thermowell  distribu¬ 
tion  In  each  of  the  two  ground  planes.  In  each  of  the  ground  planes,  14 
thermocouples  were  distributed  among  the  13  electrodes.  Two  thermowells 
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Theraocouple  Layout. 


were  also  placed  In  the  saw  plane  outside  the  heated  zone  as  shown  In  View 
CC. 

The  location  and  number  of  the  various  temperature  measurement  points  are 
summarized  In  Table  8.  Temperature  data  were  obtained  from  25  different 
locations  when  the  RF  power  was  on.  Ever/  6  to  3  hours  the  R F  power  was 
switched  off  to  measure  temperature  from  the  exciter  plane  locations  as  well 
as  from  the  thermowells,  yhen  the  Rf  power  wes  off  an  additional  24  measure¬ 
ment  points  were  added  to  the  basic  25  points  available  when  the  power  Is  on. 

E.  EMISSION  M0NIT0RIN6  PLAN 

Two  types  of  emissions  were  monitored  during  the  test.  These  were  emis¬ 
sions  cf  RF  energy  from  the  test  array  and  emissions  of  chemicals  In  the  gas 
stream  discharged  from  the  carbon  bed  shown  in  Figure  15.  The  emission  con¬ 
trol  and  monitoring  activities  are  summarized  In  Table  9. 

1.  Monitoring  of  E 1  ectromagnet 1 c  Emissions 

Near  and  far  field  electromagnetic  (EM)  measurements  will  be  made  at 
and  around  the  test  area.  Near  field  refers  to  the  Immdlate  vicinity  of  the 
test  site.  Far  field  refers  to  locations  0.25  to  1  mile  from  the  test  site. 
The  far  field  locations  were  selected  In  consultation  with  the  base  communica¬ 
tions  personnel.  The  purpose  of  these  measurements  Is  to  ensure  that  the 
radiated  RF  power  levels  are  below  permissible  FtC  and  Air  Force  standards. 

These  measurements  will  be  made  by  turning  on  the  RF  power  to  the  array  at  low 
levels  before  the  test.  The  emission  measurements  will  be  made  at  two 
different  low  power  levels.  Should  the  level  of  emitted  Rf  radiation  exceed 
the  permissible  standards,  then  corrective  action  will  be  taken  to  reduce  the 
emission  levels  to  acceptable  limits  and  base  communication  personnel's 
approval  will  be  obtained.  The  near  and  far  field  measurements  will  be 
repeated  shortly  after  the  power  Input  to  the  array  reaches  the  normal  operat¬ 
ing  levels  around  X)  kW. 
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TA8LE  8.  KLWBES  AMO  LOCATION  Of  TO«>EIWn*f  NEASURDCMT  POINTS 


Location 

SF  Power  On 

SF  rower  Off 

SOW  1 

U  T/C 

14 

T/C 

Sow  2 

hone 

12 

T/C 

Sow  3 

S  T/C 

5 

T/C 

Between  Sows  2  and  3 

2  F/0 

9 

F/0 

In  the  'Trench*  Area 

1  T/C 

2 

F/0 

1 

T/C 

Outside  Heated  Zone  and 

2  T  * 

2 

T/W 

'Trench'  Area 

4 

F/0 

Total 

25 
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T/C  •  Imbedded  thermocouple 


f/0  •  Thermowell  for  fiberoptic  temperature  tensor 
T/W  ■  Thermowell  for  thermocouple 


TASli  9.  EMISSION  NONITONIN6  Pt-A* 
Pr'or  to  Tett 


•  Measure  background  end  emitted  RF  radiation  «t  low  end  high  power  level*. 

3uHnq  jnd  After  Test 

•  Cool  vapor  strtm  to  2 7'C  using  elr  or  weter -cooled  h**t  »*changer. 

•  Separate  liquid*  from  uncondensad  gates/vapor*. 

•  Save  Houidt  in  drum*,  measure  rate  of  production  of  water  and  hydro¬ 
carbon  layer*. 

•  Pat*  gate*  through  carbon  bed. 

•  Measure  flow  rat#  of  gat  stream. 

•  Take  periodic  gat  tam'tt  for  analysis  of  total  hydrocarbon*  via  f  13 
monitor,  and /or  Draeger  tubes. 

•  Anaiy?e  weter  and  hydrocarbon  layers. 

•  All  collected  condemate  will  be  taved  in  drums  for  later  ultimate 
disposal . 
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2.  Monitoring  Qf  Gaseous  Emissions 

Gases  and  vapors  formed  during  the  field  test  will  be  collected 
through  the  vapor  collection  line  as  shown  In  Figure  14.  On  this  figure  the 
location  of  three  gas  sampling  points  is  indicated  by  the  symbol  SP.  These 
points  are  the  Inlet  to  the  heat  exchanger,  and  the  inlet  and  outlet  of  the 
cartson  bed.  The  total  gas  flew  rate  leaving  the  carbon  bed  will  be  measured. 

The  purpose  of  these  analyses  is  to  obtain  quantitative  data  on  total 
hydrocarbons  in  the  gas  streams.  Another  purpose  of  the  field  analyses  of  the 
gas  stream  is  to  obtain  semi  quantitative  Information  on  how  the  concentration 
of  the  hydrocarbon  components  in  the  gas  stream  Is  changing  with  time.  This 
Information  will  be  used  as  a  measure  of  the  progress  and  performance  of  the 
soil  decontamination  system  as  soil  samples  cannot  be  readily  obtained  from 
the  heated  zone  wnlle  heating  1$  in  progress. 

A  portable  F 10  probe  will  be  Inserted  Into  the  gas  lines  at  the  three 
locations  shown  in  Figure  15  to  determine  the  total  hydrocarbon  concentration 
of  the  gas  stream.  (The  portable  F 10  probe  could  not  be  used  In  the  field 
because  It  was  found  that  the  high  boiling  hydrocarbon  components  would  con¬ 
dense  in  the  instrument.  Instead,  gas  samples  were  collected  In  chilled  gas 
*ash  bottles  and  the  samples  were  analyzed  in  Chicago  on  i  GC  equipped  with 
flame  Ionization  detector.) 

In  addition  to  these  measurements,  a  lower-explosion  limit  monitor 
will  be  used  to  determine  the  flammability  of  the  atmosphere  near  the  tast 
site,  and  around  the  vapor  barrier,  and  In  the  transition  zones. 

F.  SITE  LAYOUT 

A  description  of  location  of  the  fire  training  pit  In  which  the  In  situ 
decontamination  field  test  was  conducted  Is  presented  In  Section  III.  figure 
14  (Page  49)  Illustrates  the  site  layout.  The  experiment  was  located  In  the 
nort.iwest  section  of  the  f Ire-training  pit.  Two  40-foot  trailers  were  brought 
onsite  and  parted  at  shown  In  the  Figure.  A  einor  amount  of  earth  moving  was 
done  under  the  instrumentation  trailer  to  level  the  ground.  A  new  AC  power 
line  wes  installed  to  provide  power  for  the  test.  This  power  line  is  capable 
of  supplying  500  tVA  of  three-phate  power.  Watt-hour  meters  were  Installed  on 


a  panel  eounted  to  the  transformer  pole  to  separately  account  for  the  power 
used  by  the  Rf  source  and  other  AC  power  loads  at  the  site.  The  Batching 
network  and  the  vapor  handling  system  were  skid-eounted  and  placed  outside 
near  the  test  area,  as  shown  in  the  Figure.  Locations  of  selected  existing 
groundwater  Monitoring  *eii$  near  the  test  area  are  also  shown  in  figure  14. 
A  thermocouple  was  dropped  In  ncnltorlng  Well  WW  6  to  sonltor  the  groundwater 
temperature  Increase,  If  any,  during  the  test. 


SECTION  V 


SOIL  AND  VAPOR  SAMPLING 

A.  SOIL  SAMPLING 

1.  Objectives 

The  objectives  of  obtaining  soil  staples  from  the  heated  zone  were: 

•  determine  the  pre-  and  posttest  average  concentrations 
of  contaminants  in  the  depth  range  of  6-72  Inches 

•  determine  average  concentration  of  the  contaalnants  In 
three  depth  Intervals:  6-12  Inches,  30-42  Inches,  and 
60-72  Inches 

•  determine  algratlon.  If  any,  of  contaalnants  Into  and 
out  of  the  heated  zone 

•  determine  decontamination  efficiency  In  teras  of  per¬ 
cent  reduction  of  contaminant  concentration 

These  objectives  were  met  by  developing  a  sampling  plan  for  extensive 
sampling  of  the  heated  zone  before  and  after  the  test. 

2.  Soil  Sampling  Plan 

A  pre-  and  pettiest  soil  sampling  plan  was  developed  for  determining 
the  average  contaminant  concentration  before  and  after  the  test.  The  pretest 
sample  hole  locations  are  Illustrated  in  Figure  17,  which  shows  the  plan  view 
of  the  6  feet  by  12  feet  heated  area.  The  three  electrode  rows  are  shown  with 
13  electrodes  In  each  row.  The  entire  area  was  subdivided  Into  eight  cells, 
each  of  dimensions  3  feet  by  3  feet.  It  was  decided  to  take  samples  from 
three  different  types  of  sample  locations.  Samples  of  Type  I  were  taken 
around  the  perimeter  of  the  heated  zone,  at  Indicated  by  open  circles  In 
Figure  17.  Samples  of  Type  2  were  taken  from  the  I  o'clock  position  relative 
to  the  center  of  each  of  the  eight  3  feet  by  3  feet  cells.  Samples  of  Type  3 
were  taken  from  the  2  o'clock  position  relative  to  the  center  of  etch  of  the 
eight  cells.  There  were  9  sample  holes  for  each  type,  with  a  total  of  24 
sample  holes  in  the  heated  area.  To  deterelne  the  concentration  In  three 
different  depth  intervals,  three  samples  were  taken  from  each  sample  hole. 
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These  samples  were  obtained  fro*  the  depth  Intervals  of  6-12  Inches,  30-42 
Inches,  and  60-72  Inches.  Thus,  there  were  72  different  soil  samples  obtained 
from  the  heated  zone. 

The  average  overall  concentration  mis  determined  by  making  coaiposlte 
samples.  All  samples  of  tht  ua ae  tyoe  and  *+om  the  same  depth  Interval  were 
combined  In  the  composite  sample,  for  example,  a1!  samples  of  Type  1  taken 
'rom  tiie  dt;'th  Interval  of  30-42  Inches  rent  ccrsined  to  sake  a  single  compos¬ 
ite,  thereby  reducing  the  72  samples  from  the  test  area  to  nine  composite 
sa&ples.  Each  of  these  nine  samples  were  ar/.lyzod  according  to  methods  summa¬ 
rized  In  Section  V.A.4. 

It  was  mentioned  “n  Section  IV  that  the  electrode  array  design 
require  the  formation  of  a  1-foot  w4de,  6-feot  deep  trench  around  the  perim¬ 
eter  of  the  heated  area.  The  purpose  of  this  trench  was  to  assist  In  deter¬ 
mining  outward  contaminant  migration  from  the  heated  zone.  This  would  have 
been  accomplished  by  backfilling  *he  trench  with  clean  soil  before  the  t rest¬ 
art.  Posttest  sampling  and  analysis  of  the  soP  In  the  trenched  area  were 
planned  to  determine  whether  outward  c©.'t:m1nant  migration  had  occurred.  The 
trench  could  not  bo  made  because  of  severe  save- In  problems  encountered  at  the 
time  cf  excavatlor.  It  was  decided  net  to  contlrue  w«th  the  excavation; 
instead,  samples  o<  the  'trench*  area  soil  were  obtained  fro*  eight  different 
holes.  These  are  the  Type  4  ho'. is  In  figure  17.  Like  the  other  holes,  sam¬ 
ples  were  obtained  from  th*  same  three  different  depth  4nttrvals  and  composite 
.ample*  were  prepared.  Thus,  24  dlfJerert  trench  area  samples  were  obtained 
-hlch  were  reduced  to  three  composite  samples,  one  for  each  depth. 

The  pcsttest  sampling  p^an  Is  frustrated  In  Figure  IS.  As  with  the 
pretest  plan,  three  different  types  of  samples  were  obtained  from  the  heeted 
tree.  To  determine  the  degree  of  outward  contaminant  migration.  Type  8  sam¬ 
ples  were  taaen  free  fo.r  holes  In  the  'trench*  area.  Table  10  summrlzes  the 
number  of  samples  taker  and  composites  made  for  both  the  pre-  end  posttest 
todies* 


“Trench" 

Area 


TABLE  10.  SUMARY  Of  SOIL  SAMPLES  TAKEN 


Parameter 

Pretest 

Posttest 

Type  of  sample  locations 

4 

4 

Sample  hole  per  type 

8 

8* 

Depth  Intervals  per  hole 

3 

3 

Number  of  samples 

96 

84* 

Number  of  composites 

12 

12 

♦Only  4  sample  holes  from 

•trench  area* 

(Type  8). 

2.  Soil  Sampling  Procedure 

A  hand  bucket  auger  was  used  to  start  the  soil -sample  hole  to  a  depth 
representing  the  top  of  the  sample  Interval.  Then  a  lined  split-core  barrel 
sampling  tool  was  Inserted  In  the  hole  and  driven  Into  the  soil  with  a  sledge, 
hammer.  When  the  core  barrel  had  progressed  down  through  the  saapllng  Inter¬ 
val.  the  barrel  vas  removed  from  the  hole  and  the  sample  was  recovered.  All 
samples  were  sealed  In  the  field  In  the  plastic  liner  tube  used  Inside  the 
split  core  barrel.  The  samples  were  preserved  In  an  Ice-box  and  shipped  to 
IITRI  laboratories  in  Chicago  for  the  preparation  of  composites  and  their 
analysis. 

The  above  sampling  technique  was  used  *or  all  96  pretest  samples 
obtained  from  the  trench  and  heated  areas.  However,  the  core  barrel  could  not 
be  used  for  the  sampling  of  soil  after  the  tast.  It  was  found  that  the  soil 
had  become  free  flowing,  like  dry  beach  sand,  and  no  core  recovery  was  possi¬ 
ble,  despite  attempts  with  core  retainers  designed  for  free-flowing  soils  and 
for  sludge  sempllng,  A  new  technique,  based  on  vacuus  lift  of  the  soil,  had 
to  be  devised  In  the  field  to  obtain  the  posttest  samples.  This  technique  Is 
lilustreted  In  Figure  19. 

First,  a  6-lnch  deep  starter  hole  was  made  In  the  soil  by  means  of  a 
bucket  auger.  Then,  a  3-fooe  segment  of  2.5  Inch  black  Iron  pipe  was  placed 
in  this  hole.  A  vacuum  hose  was  placed  Inside  the  black  Iron  pipe,  and  the 
soil  was  suctioned  out  by  means  of  a  •wet-dry  shop-vac.*  The  soil  samples  was 
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Vacuue-lift  Procedure  for  Posttest  Soil  Sampling 


recovered  In  a  glass  sample  jar  placed  inside  the  "shop-vac*  cannlster.  A 
minor  modification  was  made  to  the  shop-vac  to  ensure  that  the  soil  was  dis¬ 
charged  directly  into  the  glass  jar. 

As  soil  was  removed  by  the  application  of  the  vacuum,  it  was  found 
that  the  black  iron  pipe  was  driven  further  into  the  hole.  Using  this  proce¬ 
dure  and  adding  additional  3-foot  segments  of  pipe,  it  was  possible  to  extend 
the  bole  to  depths  of  90  inches.  Samples  of  soil  were  taken  by  placing  the 
glass  jar  in  the  vacuum  cannlster  whenever  the  bottom  of  the  black  Iron  pipe 
was  moving  through  the  desired  sampling  Interval. 

For  the  posttest  samples,  the  length  of  two  of  the  three  sample  Inter¬ 
vals  had  to  be  reduced  from  12  to  6  Inches.  Thus,  samples  were  taken  from  6- 
12  Inch,  30-36  Inch,  and  60-66  inch  Intervals.  Unlike  the  pretest  samples, 
the  posttest  samples  were  taken  with  a  diameter  of  2.5  Inches.  It  was  found 
that  If  the  samples  were  taken  over  the  entire  12-inch  length,  large  quanti¬ 
ties  of  sample  were  recovered  than  required  or  necessary.  Oue  to  this  reason 
and  for  operational  convenience,  it  was  decided  to  reduce  the  length  of  two 
sample  Intervals  from  12  to  w  Inches. 

3.  Composite  Preparation  and  Soil  Analysis 

Selected  individual  soil  samples  obtained  In  the  field  were  combined 
together  to  make  composite  samples.  All  samples  from  the  same  depth  interval 
which  belonged  to  the  same  type  of  sample  location  were  combined  together.  In 
general,  eight  samples  were  combined  per  batch  to  make  the  composite.  The 
mixing  was  done  by  rolling  the  soli  In  a  1-gallon  glass  jar  placed  on  a  ro’l- 
er.  The  mixing  was  performed  In  a  cold  room  maintained  at  4*C.  After  rolling 
the  jar  for  30  minutes,  three  samples  of  soil  were  removed.  Then  the  jar  was 
rolled  for  an  additional  5  minutes  and  three  more  samples  ware  removed. 
Duplicate  samples  were  submitted  for  the  analysis  of  moisture,  volatiles,  and 
semivolatiles.  The  analytical  scheme  Is  briefly  summarized  in  the  following 
subsection. 

Composite  samples  of  soil  were  submitted  for  the  analysis  of  moisture, 
volatile  allphatlcs  and  aromatics,  and  lemlvolatllc  aliphatlcs  and  aromatics. 
Table  II  summarizes  the  types  of  analyses  performed.  The  moisture  and  I04*C 


TABLE  11.  TARGET  COMPOUNDS  AMO  METHODS  FOR  AMLYSIS 


Compound 

Method  of  Determination 

Moisture  and  104*C  volatiles 

Weight  loss  In  oven 

Volatile  aromatics 

Purge  and  trap  with  GC/MS 

Volatile  allphatlcs 

hjrge  and  trap  with  GC/MS 

Selected  chlorinated  and 
other  solvents 

Purge  and  trap  with  GC/MS 

Semivolatile  aromatics 

Steam  distillation  with  GC/MS 
analysis  of  extract 

Semivolatile  allphatlcs 

Steam  distillation  with  GC/MS 
analysis  of  extract 

Hexadecane 

Steam  distillation  with  GC/MS 
analysis  of  extract 

volatiles  were  obtained  by  observing  the  weight  loss  In  a  heated  oven.  Saw- 
pies  were  heated  at  104*C  for  16  hours,  cooled  In  a  desiccator,  and  weighed. 
The  same  sample  was  replaced  In  the  104*C  oven  for  an  additional  period  of  1 
hour,  cooled,  and  rewslghed  to  aake  sure  that  no  further  weight  loss  occurred. 

Volatile  aromatics  and  allphatlcs  were  determined  by  a  purge  and  trap 
analysis  of  a  methanol  extract  of  the  soil  saaple.  Samples  were  extracted  by 
shaking  2.0  graas  aliquots  of  soil  with  40  allllllters  of  aethanol  In  a  wrist- 
action  shaker.  Surrogate  standards  were  added  to  the  sol1  prior  to  extrac¬ 
tion.  After  extraction,  the  soil  was  separated  froa  the  aethanol  by  centrif¬ 
uging  at  4000  rpa  for  15  alnutes.  The  extract  was  removed  froa  the  centrifuge 
tube  and  transferred  to  a  25  all! 11  Iter  volumetric  flask.  Before  adjusting 
the  vo'uae  to  25  milliliters,  an  Internal  standard  spike  was  added  to  the  same 
flask.  The  extract  was  analyzed  by  removal  of  the  volatile  hydrocarbons  from 
the  liquid  phase  in  a  purge  and  trap  device.  The  desorbed  hydrocarbons  from 
the  trap  were  analyzed  on  a  SC/MS  system. 

Information  regarding  the  Internal  and  surrogate  standards  Is  present¬ 
ed  In  Table  12.  For  purge  and  trap  analysis,  the  surrogate  standard  was  d- 
benzene  and  bromopentaf luorobenzene  was  the  Internal  standard.  Allphatlcs 
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were  quantified  by  summing  up  the  peak  areas  of  those  components  having  an  Ion 
with  m/e  *  71.  Allphatics  were  calibrated  against  octane.  Aromatics  were 
quantified  by  summing  up  the  peak  areas  of  those  components  having  an  Ion  with 
m/e  *  91.  Aromatics  were  calibrated  against  toluene. 

Oetalls  of  the  analytical  procedure  are  presented  In  Appendix  B. 

The  soil  was  analyzed  for  semlvolatlle  allphatics  and  aromatics  by 
extraction  in  a  Hlelson-Kryger  steam  distillation-extraction  device.  The 
prepared  extract  was  injected  Into  a  GC/HS  system  for  analysis.  The  concen¬ 
tration  of  hexadecane  was  also  determined  to  track  the  removal  of  high  boilers 
during  the  In  situ  decontamination  experiment.  As  sumaarlzed  In  Table  12, 
surrogate  and  Internal  standards  were  spiked  before  analysis.  The  surrogate 
standard  was  d-decane  and  the  Internal  standard  was  d-napthalene.  The  all¬ 
phatics  were  calibrated  against  hexadecane,  (m/e  •  71)  while  the  aromatics 
were  calibrated  against  d-toluene  (m/e  «  98).  The  details  of  the  Nlelson- 
Kryger  extraction  procedure  are  described  in  Appendix  A,  while  the  GC/MS' 
procedures  are  described  In  Appendix  C. 

4.  Sampling  and  Analysis  of  Soil  for  EP-ToxIcIty 

Samples  of  soil  were  obtained  from  the  trench  area  before  excavation. 
These  samples  were  analyzed  by  EPA  standard  method  1310  (Reference  5)  to 
determine  whether  the  tr»ich  area  soil  was  hazardous,  as  per  EP-ToxIcIty  test, 
particularly  for  lead.  This  Information  was  obtained  to  determine  how  the 
excavated  soil  would  be  disposed  of  If  It  was  hazardous  because  of  high  con¬ 
centrations  of  heavy  metals. 

Ten  holes  were  made  In  the  proposed  trench  area,  and  samples  were 
retrieved  from  depth  Intervals  of  6-12  Inches  and  30-36  Inches.  Samples  were 
also  obtained  at  depth  Intervals  of  66-72  Inches  from  four  of  these  10  holes. 
Samples  from  corresponding  depth  Intervals  were  combined  to  make  three  compo¬ 
site  samples.  These  samples  were  submitted  to  an  outside  laboratory  for 
analysis  uf  heavy  metals  by  EPA  mathod  1310.  In  addition  to  these  composite 
samples,  one  sample  from  6-12  Inch  depth  and  another  from  30-  36  Inch  depth 
were  also  submitted.  The  analysis  report  Is  attached  in  Appendix  0,  which 
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TABLE  12.  SLM4AAY  Of  INTERNAL.  SURROGATE  AKO  CALIBRATION  STANDARDS 


Purge  &  Trap  Data 

Steam  Distillation  Data 

Internal 

8romopenta  fluoro  benzene 
(m/e  -  246) 

d#  -  napthalene 
(e/e  »  136) 

Surrogate 

d  -  benzene  (e/e  »  84) 

d  -  decane  (m/e  - 

50) 

A1 Iphatlcs 

Calibrated  against  octane 
(m/e  •  71) 

Hexadecane  (m/e  * 

71) 

Aromatics 

Calibrated  against  toluene 
(■/e  -  91) 

d,  -  toluene  (m/e 

-  98) 

shows  that  none  of  the  submitted  samples  are  hazardous  due  to  the  EP-ToxIcfty 
test  procedure. 

3.  VAPOR  AMO  CONOENSATE  MONITORING 

Vapor  and  condensate  samples  were  collected  and  flow  rates  measured  during 
the  tn  situ  decontamination  field  test.  These  data  were  obtained  to  monitor 
the  progress  of  soil  decontamination  as  well  as  to  determine  the  amount.  If 
any,  of  hydrocarbon  emissions  from  the  vapor -Hanoi Ing  system.  Because  of 
electrical  constraints  and  safety  considerations,  **  Is  not  feasible  to  obtain 
representative  samples  of  soil  from  the  heated  tone  during  the  treatment 
period.  For  this  reason,  the  progress  of  soil  decontamination  can  be  Indi¬ 
rectly  monitored  by  measuring  the  flow  rate  and  concentration  of  raw  gases 
leaving  the  vapor  collection  tone. 

Although  It  was  not  the  purpose  of  this  project  to  demonstrate  an  optimum 
vapor-handling  system.  It  was  considered  desirable  to  eonltor  Its  performance 
by  determining  the  rate  of  water  and  hydrocarbon  condensation,  the  total  gas 
flow  through  the  system,  etc.  To  meet  the  above  objectives,  a  vapor  and 
condensate  monitoring  plan  was  developed  and  executed  during  the  field  test. 
This  plan  Is  described  below  with  the  help  of  Figure  15  (Page  51),  which  sho*-s 
the  various  sailing  and  measurement  points. 


1.  Gas  and  Vapor  Straw  ineasureaents 

Gas  and  vapor  strew  aeasureaesits  were  Bade  at  two  locations.  These 
locations  are: 

•  raw  gases  in  the  aanlfolded  vapor  collection  line 

•  residual  gases  leaving  the  carbon  bed. 

The  neas-.-wjents  nade  at  each  location  are  described  below. 

a.  Measurements  at  the  Vapor  Collection  Manifold 

Raw  gases  leaving  the  collection  zone  above  the  heated  soil  sur¬ 
face  were  analyzed  by  sampling  in  the  heat  traced  aanlfold  conveying  gases  to 
the  Inlet  of  the  heat  exchanger.  A  gas  saaple  was  withdrawn  fro*  t»e  aanlfold 
through  a  heated  saaple  line.  The  gases  were  cooled  and  aolsture  and  hydro¬ 
carbons  were  collected  In  two  cold  traps  placed  In  a  dry  ice/acetone  bath. 
Figure  20  shews  the  sampling  train  used  for  obtaining  these  samples.  The 
condensed  sample  was  recovered  from  the  traps  and  analyzed  on  GC/FIQ  system 
and  calibrated  against  a  u?-4  Jet  fuel  saaple.  These  results  were  converted 
to  JP-4  concentration  in  the  raw  gas  aanlfold. 

T*e  tctel  flow  rate  of  ;he  gases  In  the  raw  gas  manifold  was 
•enured  by  weans  of  %  pitot  tube.  Static  pressure  In  the  aanlfold  was  also 
obtained  at  the  same  tlee. 

The  raw  gases  were  also  analyzed  by  inserting  Or&eger  tubes  into 
the  raw  gas  line.  Oraege*  tubes  for  petroleua  hydrocarbons  (equivalent  oc¬ 
tane),  benzene,  and  trichloroethylene  were  used. 

b.  Measurements  at  the  Outlet  of  the  Carbon  Red 

The  total  gas  flow  leaving  the  carbon  bed  was  aeasured  by  insert¬ 
ing  a  pitot  tube  In  the  line.  At  the  same  tlae,  static  pressure  measurement 
was  also  obtained.  The  gas  stream  was  analyzed  for  petroleum  hydrocarbon 
concentration  by  inserting  «  Oraeger  tube  Into  the  gas  line. 

2.  Condensate  Measurements 

Condensates  produced  by  cooling  the  ga*  stream  was  collected  In  drums, 
«i  shown  In  Figure  15.  The  liquid  level  In  the  drum  was  monitored  as  a 


function  of  tl*e.  .The  levels  of  aqueous  phase  end  the  floating  hydrocarbon 
layer  were  separately  sectored  by  Inserting  a  dipstick  coated  with  a  dye 
sensitive  to  the  presence  of  the  water  layer.  The  location  of  the  water/ 
hydrocarbon  interface  was  detected  by  leans  of  the  dye.  The  voluae  of  the 
hydrocarbon  layer  was  then  determined  by  taking  the  difference  between  the 
tctal  liquid  height  and  the  height  of  the  water/hydrocarbon  Interface. 

Saaples  of  the  condensate  phase  were  obtained  fro*  each  drua.  The 
aqueous  and  hydrocarbon  layers  fro*  selected  saaples  were  analyzed  for  total 
organic  halides  (TOX)  by  EPA  standard  aethod  9C20  (Reference  5). 
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SECTION  VI 
FIELD  TEST  RESULTS 


A.  field  test  procedure  a*o  chronology 

The  sequence  of  events  during  the  various  field  usks  Is  summarized  in 
Taole  13.  Before  field  activities  began,  a  briefing  was  given  to  Wisconsin 
Departaient  of  Natural  Resources  to  obtain  penal sslon  to  perform  the  test. 
Based  on  their  consents  appropriate  changes  were  sade  In  the  test  aonltorlng 
and  sampling  plan.  In  August  1937,  soil  saaples  were  obtained  Trow  the  pro¬ 
posed  trench  area  to  determine  whether  the  soil  is  haxtrdous  as  per  the  £P- 
Toxlclty  procedure  for  heavy  eetals. 


TABLE  13.  CHRONOLOGICAL  SEQUENCE  OF  FIELD  TEST  EVENTS 


Activity 

Oates 

# 

Briefing  to  Wisconsin  Ohfl 

6/16/87 

Seeding  for  EP-ToxIcIty  test 

3/5 

Pretest  sampling 

9/9-9/10 

Site  preparation 

10/6 

Decontaainatlon  test  started 

11/3 

Reached  100*C 

11/5 

Tracer  studies 

11/11 

Grab  saaples  taken 

11/12 

Test  termination 

11/15 

Posttcst  taapllng 

12/3-12/9 

Site  closure 

12/11 

Pretest  toll  sampling  from  the  heated  zone  wet  ,*rfor«ed  In  Septeaber 
1987.  These  staple*  were  returned  to  Chicago  fcr  analyses  In  IITRI 
laboratories.  The  site  preparation  was  begun  on  October  6,  1987  with  the 
installation  of  AC  power  lines.  The  coaplete  heating  sytfea  was  installed  and 
ready  to  run  by  November  2,  1987.  The  tast  wes  begun  on  November  3,  1987. 


The  average  temperature  of  the  test-volume  had  racht4  100'C  by  November  5. 
By  November  11th,  the  test  volume  had  achieved  the  desired  average  temperature 
of  150-160*C.  At  this  time  Halon*  tracer  studies  were  performed  to  determine 
whether  soil  gas  was  migrating  Into  the  heated  zone  from  the  surrounding  cool 
zones.  On  November  12,  approximately  30  hours  after  achieving  the  desired 
final  temperature,  four  grab  samples  were  obtained  from  the  heated  zone  to 
assess  the  progress  of  soil  decontamination.  These  grab  samples  were  obtained 
from  a  depth  of  approximately  12  inches,  just  Inside  each  of  the  two  ground 
planes.  The  results  of  grab  sample  analyses  Indicated  that  84  percent  of  the 
aliphatlcs  and  99.1  percent  of  the  aromatics  had  already  been  removed  from  the 
ground  plane  area.  Because  of  these  excellent  results,  it  was  decided  to 
terminate  the  test.  In  accorcsnc*  with  the  test  plan,  after  4  days  at  the 
final  temperature.  The  test  was  terminated  on  November  15,  1987.  The  vapor¬ 
handling  system  was  turned  off  on  November  16,  because  of  concerns  that  con¬ 
tinued  venting  would  promote  the  migration  of  contaminated  soil  gas  Into  the 
•clean*  test  vo’ume. 

The  heat»d  zoom  was  allowed  to  cool  down  until  December  2,  1987.  Posttest 
sampling  was  performed  between  December  3  and  December  9.  During  the  same 
period,  the  equipment  was  disassembled  and  packed  for  shipment  to  Chicago. 
The  sltw  was  closed  on  December  11,  1987. 

8.  SOIL  TEMPERATURE  DISTRIBUTION 

As  described  In  Section  IV,  a  total  of  49  temperature  measurement  points 
were  available  In  the  heated  zone  and  the  trench  area.  Figure  21  Is  a  plan 
view  of  the  heated  array  which  shows  the  various  sections  and  planes  In  which 
temperature  distribution  data  Is  available.  Temperature  data  are  presented 
with  the  help  of  Figure  21. 

In  Figure  21,  the  plane  BA  runs  through  the  excltor  row  of  electrodes  and 
the  two  outer  thermowell  holes.  One  hole  Is  In  the  'trench  area,*  l  foot  away 
from  the  last  excltor  electrode  and  the  second  hole  Is  2.5  feet  removed  from 
the  last  excltor  electrode.  Slellarly,  plane  CC  runs  through  the  ground  plane 
Row  1.  The  Plane  DO  defines  temperature  attribution  along  the  row  of  three 
thermowell  holts  placed  halfway  between  excltor  row  and  ground  plane  Row  3. 
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of  Teapereture  Meesur^aent  Boreholes. 


Temperature  dttc  In  the  transverse  plane  AA  is  available  at  a  depth  of  36 
Inches  below  the  surface.  This  includes  a  temperature  monitoring  point  locat¬ 
ed  In  the  "trencn  area"  outside  Row  3. 

The  sol  1  temperature  data  at  t!ie  aldpoint  (depth  36  Inches)  of  plane  38  Is 
shown  in  Figure  23,  as  a  function  of  distance  along  tne  electrode  row.  The 
location  of  the  first  end  last  electrodes  Is  merited  by  0  and  12  feet,  respec¬ 
tively.  The  location  of  the  two  thermowells  Is  at  13  and  14.5  feet  from  the 
first  excltor-row  electron*.  This  figure  shews  a  generally  symmetric 
temperature  profile  about  the  certer  of  the  electrode  plane,  marked  by  the 
seventh  electrode  located  at  6  feet.  Two  hot  spots,  one  centered  on  the  first 
elect* ode  arvi  the  other  on  the  13th  electrode,  are  seen  as  'rlglnally  predict¬ 
ed  In  tne  .esl-jn  of  the  array.  In  the  unheated  ronw  beyond  12  feet  a  sharp 
-.rop  In  sol',  temperature  Is  observed,  nevertheless  the  soil  was  heated  by 
conduction.  temperature  in  the  trench  area  reached  10O-135*C  range  by  144 
hours  and  stryed  at  that  level  through  the  end  of  the  test.  ~ 

Tne  nexf  three  figures  present  the  te^erature  data  In  plane  DO  at  three 
different  depths.  Figure  23  shows  the  temperature  along  plane  00  at  the  depth 
of  9  Inches.  As  shown,  the  near  surface  temperatures  at  1'  ‘Ions  between  the 
exciter  and  ground  planes  reached  a  temperature  of  1S5*C  by  the  end  of  the 
te«t. 

A  ileilar  temperature  distribution  was  observed  at  the  depth  of  36  Inches 
in  plane  00,  as  Illustrated  In  Figure  24.  Temperatures  at  a  depth  72  Inches 
in  plane  00  are  shown  In  Figure  25.  These  data  show  that  the  oaxleum  tenpera- 
tur*  attained  at  depth  of  72  Inches  was  In  the  range  of  150-157‘C. 

Ihe  temperature  distribution  along  the  plane  of  Row  3  Is  Illustrated  in 
Figure  26.  These  data  show  that  at  a  depth  of  36  Inches,  the  ground  plane 
electrodes  had  achieved  a  temperature  of  95*C  aft ar  3  days  of  heating.  By  tne 
time  the  test  ended,  these  temperatures  had  gone  to  100-105’C  range. 

Additional  temperature  distribution  data  are  presented  in  Appendix 
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Flgurt  26.  7a»p#ratur#  D1itr1t>ut1on  Along  Ground  Plan#  3  (Row  3)  Midpoint. 
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C.  SOIL  DECONTAMINATION  RESULTS 


Sols  samples,  obtained  according  to  the  plan  described  In  Section  V,  were 
analyzed  to  determ Ire  the  initial  and  final  concentrations  of  the  contaml- 
nants.  Purge  and  trap  analyses  were  performed  on  extracts  of  composite  soil 
saaples  as  described  in  Section  V.  Volatile  aromatic  and  aliphatic  concentra¬ 
tion  was  obtained  by  this  analysis.  Steam  distillation  of  composite  soil 
samples  was  performed  to  determine  the  concentration  of  seal-volatile 
aromatics,  allphatlcs,  and  hexadecane  In  the  soil  before  and  after  treatment. 

As  discussed  In  Section  V,  72  different  soil  saaples  were  obtained  froa 
three  different  depth  Intervals  frca  each  of  24  different  sample  holes  located 
In  the  heated  zone.  These  72  saaples  were  combined  together  to  jive  nine 
different  composite  saaples.  Each  composite  sample  was  extracted  and  analyzed 
In  duplicate. 

The  average  concentration  of  the  contaminants  In  the  heated  zone  was 
calculated  by  the  following  equations;  average  concentration  of  contaminant 
(I  )  In  the  test  volume  Is  given  by: 


X  • 


(6) 


where  n:  Is  the  total  number  of  composite  samples  (nine) 

m  Is  the  number  of  Individual  samples  analyzed  from  each  composite 
sample  (two) 


The  decontaalrtatioo  efficiency  Is  given  by: 


Decontamination  - 
Eff Iclency 


(8) 


The  above  equations  can  also  be  used  for  the  determination  of  average 
concentrations  and  removal  efficiencies  for  the  'trench*  area  samples  and  In 
each  of  the  three  different  depth  Intervals  frcm  which  soil  samples  were 
obtained. 

1.  Removal  of  Volatile  Contaminants 

The  percentage  removal  of  volatile  allphatlcs  and  aromatics  was 
determined  from  the  equations  presented  above  and  the  purge  and  trap  analyses 
data  of  Individual  composite  samples.  In  Figure  27  the  percentage  removal  Is 
presented  for  the  entire  heated  tone,  as  well  as  for  each  of  the  three  depth, 
intervals.  The  overall  removal  for  allphatlcs  was  99.3  percent  while  that  for 
aromatics  was  99.6  percent. 

Examination  of  the  data  In  Individual  depth  intervals  Indicates  that 
in  the  near  surface  tone  of  6-12  inches,  allphatlcs  removal  was  98.2 
percent.  The  removal  of  ai-phatlcs  Increases  with  depth,  as  shown  In  Figure 
27.  The  aromatics  removal  was  fairly  uniform  with  the  depth  of  the  heated 
tore,  ranging  from  99.2  to  99.9  percent. 

The  low  allphatlcs  removal  In  the  near  surface  regions  could  be  due  to 
lower  final  temperature  in  the  near  surface  areas,  as  shown  by  Figure  28,  In 
which  temperature  at  selected  exciter  plane  locations  Is  plotted  as  a  function 
of  tie*.  These  data  show  that  at  a  depth  of  12  Inchat,  the  temperature  was 
s' gnlf icantly  lower  than  at  72  Inches.  Similar  data  Is  shown  for  selected 
ground  plane  locations  in  Figure  29.  Prior  site  characterization  wort  done  by 
UWF  hes  Indicated  thet  there  Is  a  concentration  of  high  boiling  hydrocarbons 
‘n  the  near  surface  zones.  These  procebly  represent  the  heavy  lubricating 
oils  improperly  disposed  of  at  the  site  prior  to  Mre  training  drills. 
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Figure  28.  Rett  of  Temperature  Rise  In  Selected  Exciter  Electrodes. 
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Figure  29.  Rate  of  Teepertture  Rise  In  Selected  Row  3  Electrodes. 
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Another  reason  for  lower  recovery  fro*  the  near  surface  cool  zones  Is 
that  24  hours  after  the  RF  power  was  switched  off,  the  vapor  collection  fans 
were  also  switched  off  to  elnielze  Inward  elgratlon  of  fluids  fro*  the  sur¬ 
rounding  cool  zones.  In  absence  of  the  vacuua,  vapors  rising  up  fro*  the 
deeper,  hotter  zones  could  easily  condense  in  the  surface  regions  instead  of 
being  collected  through  the  gas  collection  eanlfolds  placed  on  the  soil  sur¬ 
face. 

The  before  and  after  concentration  of  volatile  aliphatlcs  In  the 
heated  zone  Is  illustrated  as  a  function  of  depth  in  Figure  30.  The  initial 
aliphatlcs  concentration  in  the  near  surface  zones  is  higher  by  a  factor  1.3 
to  1.6  than  the  concentratio  -  at  deeper  locations. 

The  final  average  concentration  of  aliphatlcs  in  the  entire  heated 
zone  was  28  pp«.  A  range  of  8  to  65  ppa  was  observed  In  the  depth  range  of  6 
to  72  Inches.  The  before  and  after  concentrations  of  volatile  aroaetlcs  are 
shown  In  Figure  31  as  a  function  of  depth.  The  initial  average  aromatic 
concentration  was  212  ppa,  and  the  final  average  concentration  In  the  heated 
zone  was  less  than  1  pp*. 

The  standard  deviation  of  the  before  and  after  concentrations  was 
calculated  by  using  Equation  (4),  The  relative  standard  deviations  were  then 
calculated  based  on  the  average  concentrations  as  determined  by  Equation  (3). 

The  relative  standard  deviation  for  the  analysis  of  volatiles  is 
presented  In  Table  14, 

TABU  14.  PERCENT  RELATIVE  stajcard  deviation 
FOR  VOLATILE  CONTMI HANTS 


Depth 

Interval,  In. 


Pretj 

itTci 


Aromatics 


Posttast,  t 
Ip'Katlcs  Aroaatlcs 


6-72 

24.7 

28.3 

6-12 

12.4 

11.3 

30-42 

11.7 

13.2 

60-72 

11.9 

13.4 

The  data  for.  relative  standard  deviation  includes  the  total  variabili¬ 
ty  In  the  analysis  due  to  all  sources  of  error  including  spatial  distribution 
variations  In  the  soil.  For  posttest  samples,  the  overall  standard  deviation 
in  the  depth  interval  of  6-72  In.  is  available,  but  sufficient  data  for  esti¬ 
mating  relative  standard  deviation  in  the  three  depth  Intervals  is  not 
available. 

2.  Removal  of  Seal  volatile  Conti* inants 

Saalvolatlles  were  analyzed  by  steaue-dlst illation  c'  the  composite 
soil  samples  as  described  In  Appendices  A  and  C.  Concentrations  for  allphat- 
ics,  aroaatlcs  and  hexadecane  were  obtained. 

The  percentage  removal  of  se*1 volatiles  Is  Illustrated  In  Figure  32. 
The  overall  removal  for  allphatlcs,  hexadecane,  and  aromatics  was  94.3,  82.9 
and  99.1  percent,  respectively. 

As  noted  earlier,  the  removal  of  allphatlcs  fro*  the  near  surface 
zones  w4S  significantly  less  than  the  overall  rcaoval  fro*  the  entire  heated 
zone.  The  reason  for  this  Is  the  lower  near  surface  soil  temperature  as 
discussed  in  the  previous  subsection. 

The  before  and  after  concentrations  for  allphatlcs,  hexadecane  arid 
aromatics  Is  Illustrated  In  Figures  33  through  35.  The  average  final  concen¬ 
trations  for  allphatlcs,  hexadecane,  and  aro*et1cs  were  94.5,  5.4,  and  2.3 
PP*.  respectively.  Theee  data  illustrate  how  e  high-holler  like  hexadecane 
(n.b.p  287‘5*C)  can  be  removed  even  at  temperatures  auch  below  Its  boiling 
point.  This  has  occurred  due  to  the  long  residence  t1*e  at  lower  teaperatures 
and  due  to  the-  effect  of  stee*  and  gas  sweep  generated  by  the  vaporization  of 
lower  boiling  material  present  In  the  soil. 

The  standard  deviation  of  the  before  and  after  concentrations  of  the 
semi  volatile  contaminants  was  calculatad  by  Equation  (4).  The  relative  stan¬ 
dard  deviations  ere  presented  in  Table  15. 
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TABU  15.  PtRCEKT  RELATIVE  STAJCASD  Dr'IATICKS 
FO*  SOHVOUTILE  COKTAMIXAMTS 


Cepth 

Intervals, 

4n. 

3','etest 

Posttest 

Allphatlcs 

Aromatics 

~exa- 

decane 

A1  Joftat1c? 

Aromatics 

Hexa- 

decane 

5-72 

13.2 

25.5 

23.7 

121.5 

1C3.4 

77.8 

5-12 

7.3 

29.7 

20.3 

20-42 

9.3 

15.3 

15.7 

60-72 

23.5 

.10.9 

23.3 

The  data  for  the  relative  standard  deviation  Includes  the  total  vari¬ 
ability  in  the  analysis  due  to  all  sources  of  error  Including  spatial  distri¬ 
bution  variations  In  the  soil.  For  the  pettiest  samples,  overall  standard 
oeviation  In  the  depth  Interval  of  6-72  In.  is  available,  Put  sufficient  data 
for  Individual  depth  Intervals  Is  not  available. 

3.  Removal  From  'Trench  Area* 

Soil  samples  obtained  fro*  the  'trench*  area  were  analyzed  by  the 
purge  and  trap  procedure  to  determine  the  before  and  after  concentration  in 
this  area.  The  purpose  of  performing  these  analyses  was  to  determine  whether 
there  was  any  net  migration  of  contaminants  from  the  heated  zone  Into  the  soil 
In  the  Immediate  vicinity  of  the  heated  zone.  Contaminant  removal  from  the 
"trench*  area  Is  shown  in  Figure  34,  as  a  function  Of  depth.  The  overall 
allphatlcs  removal  was  76.3  percent  and  the  arometlct  removal  was  70.6  per¬ 
cent.  These  data  Indicate  that  there  was  no  net  migration  into  the  'trench* 
area  from  the  heated  zone. 

4.  Tracer  Experiments 

A  tracer  was  Injected  4  feet  outside  the  ground  plane  Row  1,  at  a 
depth  of  4  feet.  The  purpose  was  to  determine  whether  the  tracer  fluid 
migrates  towards  the  heated  zone.  The  raw  gases  In  the  gas  collection 
manifold  were  sampled  and  analyzed  as  a  function  of  time  to  dctamlne  the 
presence  of  the  tracer  In  the  heated  zone. 

Dlbromotetrafluoroethane,  sold  under  the  brand  name  of  Halon*  2402  by 
Great  Lakes  Chemical  Corporation  wes  used  as  the  tracer.  Halon*  2402  Is  a 
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liquid  at  room  temperature,  tilling  at  47.3*C.  The  vapor  Is  8.97  tines 
heavier  than  air.  Approximately  5  milliters  of  the  tracer  liquid  was  Injected 
In  a  hole  4  feet  outside  Ground  Plane  Row  1  and  at  a  depth  of  6  feet.  The 
presence  of  Halon*  2402  was  monitored  In  the  raw  gas  stream  leaving  the  vapor 
barrier  by  injecting  gas  samples  In  a  GC  equipped  with  an  electron  capture 
detector.  A  strong  Halon*  peak  wus  detected  107  minutes  after  Introduction  of 
Halon*  Into  the  soil  outside  the  heated  volume.  Gas  samples  taken  5  and  48 
minutes  after  Introduction  of  the  tracer  did  not  show  any  Halon*  present  In 
the  raw  gases  leaving  the  soil  surface. 

The  results  of  the  tracer  experiment  and  the  analysis  of  pro-  and 
posttest  "trench"  area  samples  show  that  there  was  no  net  migration  of 
contaminants  from  the  heated  zone  Into  the  Immediate  vicinity  of  the  test 
volume.  In  fact,  tracer  experiments  showed  that  fluids  from  as  far  as  4  feet 
outside  the  heated  zone  were  migrating  Into  the  heated  volume. 

5.  Contaminant  Removal  frcm  90-96  Inch  Depth 

Soil  samples  were  taken  from  three  holes  In  the  heated  zone  at  extra 
deep  locations  of  84  to  96  Inches.  The  purpose  of  these  samples  was  to 
determine  whether  contaminant  removal  had  occurred  below  the  heated  zone  as  a 
result  of  heat  conduction.  These  samples  were  analyzed  for  volatile 
hydrocarbons  by  the  purge  and  trap  procedure.  The  tesults  show  that  92 
percent  of  the  allphatlcs  and  95  percent  of  the  aromatics  were  removed  from 
the  extra  deep  locations.  These  results  show  that  contaminant  migration  In 
the  downward  direction  did  not  occur. 

0.  GAS  ANO  CONOENSATE  COLLECTION 

Raw  gases  were  collected  from  the  covered  surface  of  the  heated  zone  by 
means  of  a  suction  applied  to  the  gas  collection  pipes.  The  gases  and  vapors 
were  transported  to  the  gas  cooling  and  condensation  system  described  In 
Section  IV  B.  Du.  Ing  the  course  of  the  field  test  the  following  measurements 
were  made  on  the  gas  and  condensate  streams. 

•  analysis  of  rew  gas  leaving  the  vapor  barrier  for  jet-fuel 

•  rate  of  water  and  liquid  organic  production 
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•  analysis  of  condensate  phases  for  total  organic  halides 

•  analyses  of  gases  with  Qraeger  tubes  for  selected  contaminants 
«  measurement  of  gas  flow  rates  with  pitot  tube 

The  data  end  results  of  the  above  aeasureaents  and  analyses  are  presented 
in  the  following  subsections. 

1.  Raw  Sas  Analysis  for  Jet-Fuel  Vapors. 

A  saaple  of  raw  gases  leaving  the  collection  2ore  below  the  vapor 
barrier  was  passed  through  two  gas  wash  bottles  placed  In  dry- Ice/acetone  bath 
to  trap  the  Moisture  and  condensibles.  The  wash  bottles  were  filled  with  20 
■111  11  Iters  of  acetone. 

The  collected  liquids  were  removed  froa  the  wash  bottles  and 
transferred  to  a  50  Milliliters  volumetric  flask.  The  wash-bottles  were 
rinsed  with  fresh  acetone  which  was  then  transferred  to  the  50  Milliliter 
voluMetrlc  flask.  The  voIumc  was  adjusted  to  50  Milliliters  with  acetone. 

During  gas  sampling  the  gas  flow  rate  was  set  with  a  dlaphragw  pump 
which  had  been  calibrated  against  a  wet-tast  Matar.  The  line  conveying  the 
gas  saaple  to  the  wash  bottlas  was  heat  traced  and  Insulated  to  prevent 
condensation  of  vapors.  The  temperature  of  the  gas  sample  line  was  maintained 
between  136-145*0. 

The  liquid  sample  was  Injected  Into  a  GC  equipped  with  a  flame 
ionization  detector  (FIO).  The  FIO  response  was  calibrated  against  jet- 
fuel.  The  concentration  of  jat-fuel  vapors  In  the  raw  gas  stream  was  reported 
as  mg/L. 

The  concentration  of  jet  fuel  In  raw  gasas  leaving  the  heated  zone  Is 
shown  In  Figure  37,  as  a  function  of  alapsed  time.  The  first  raw  gas  sample 
was  obtained  110  hours  after  the  heating  was  started.  At  this  tine  there  was 
13  atg/L  of  jat-fuel  vapors  in  the  gas  stream,  while  the  temperature  in  the 
center  of  the  deposit  was  114*0.  The  Jet  fuel  concentration  continued  to 
Increase  with  time  until  It  reached  a  range  of  30-34  mg/L.  The  data  scatter 
in  Figure  37,  shows  that  until  the  end  of  the  test  there  was  no  evidence  of 
the  Jet-fuel  concentration  decreasing  with  time. 


Concentration,  ag/l 


Figure  37.  Concentration  of  Jet-Fuel  Vapors  In  Raw  Gas.  ' 
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2.  Rate  of  Jet-Fuel  Vapor  Productions  Vs.  Collection 

The  ter*  production  Is  used  to  denote  the  mass-flow  rate  of  jet-fuel 
vapors  in  the  raw  gas  stream  leaving  the  heated  zone.  The  term  collection  Is 
used  to  denote  the  rate  of  collection  of  the  condensed  hydrocarbon  phase  in 
the  condensate  drum.  When  the  condensation  efficiency  is  100  percent  the 
production  and  collection  rates  should  be  equal.  Figure  38,  is  a  scatter 
diagram  showing  the  JP-4  vapor  production  and  collection  rate  In  pounds  per 
hour.  Approximately  30  to  40  percent  of  the  produced  JP-4  vapors  were 
collected  by  condensation  In  the  air-cooled  heat  exchanger.  The  condensation 
efficiency  can  be  improved  by  using  a  larger  air-cooled  or  water  cooled  heat 
exchangers  In  the  vapor  handling  system. 

3.  Collection  of  Water  and  Hydrocarbons 

The  amount  of  water  and  hydrocarbon  phases  collected  In  the  condensate 
drum  Is  plotted  as  a  function  of  time  In  Figure  39. 

Totals  of  1620  pounds  of  water  and  174  pounds  of  organic  layer  were 
collected  over  the  course  of  the  test.  The  data  In  Figure  39,  show  the  rate 
of  water  and  organic  collection  was  steady  over  the  course  of  the  treatment 
duration. 

The  Initial  average  moisture  content  of  the  test  volume  was  4.0 
percent.  It  Is  estimated  that  the  soil  Initially  contained  2760  pounds  of 
moisture.  The  residual  moisture  content  In  the  soil  was  0.21  percent, 
representing  a  removal  of  94.8  percent.  The  amount  of  water  condensed 
therefore  represents  59  percent  of  the  water  removed  by  vaporization. 

4.  Analysis  of  Condensate  for  Total  Organic  Halides  (TOX) 

During  the  course  of  the  test  eight  30-gallon  drums  of  condensate  were 
collected.  Samples  of  water  and  hydrocarbon  phase  were  taken  for  TOX  analysis 
from  four  of  the  eight  drums.  Each  phase  was  separately  analyzed  for  organic 
halides  by  USEPA  standard  method  number  9020.  The  results  of  these  analyses 
are  shown  In  Table  16.  The  results  show  that  the  highest  aqueous  phase  TOX 
concentration  of  26  ppb  occurred  In  the  first  two  drums  of  water.  Ho 
hydrocarbon  phase  was  present  In  these  drums.  The  TOX  concentration  In  the 
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Figure  38.  iat'j  if  Organics  Production  In  Raw  Sat  and  In  Liquid  Condensate 
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Figure  39.  Cumulative  Water  and  Organic  Collection  vs.  Time. 
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TABU  16.  ANALYSIS  OF  TOTAL  ORGANIC  HALIDES  (TOX)  IN  CONDENSED  PHASES 


m 

Drum 

No. 

TOX  Analysis* 

pg/mL  in 
Hydrocarbon 

Phase 

//g/L  in 
Aqueous 

Phase 

1 

N.P. 

25 

2 

N.P. 

26 

5 

3.8 

12 

6* 

N.P. 

14 

6 

37 

10 

*  1  Pf/l *  1  ppb;  1  PC/mL ■  1  ppm;  NJ*.  *  hydrocarbon  phase  not  present. 

^  MMNh 

new  arum. 


101 


condensed  water  phase . decreased  steidlly  during  the  test  as  shown  by  the  data 
trend.  In  drums  5  and  6  halogenated  organics  were  present  at  a  level  of  3.8 
ppm  in  the  organic  phase.  These  results  show  that  the  TGX  concentration  In 
the  condensate  phases  Is  below  the  100  ppm  threshold  level  at  which  the 
condensate  would  be  considered  hazardous  due  to  the  presence  of  halogenated 
organics. 

5.  Gas  Analysis  by  Oraeger*  Tubes 

Oraeger*  tubes  were  used  to  obtain  an  estimate  of  the  concentration  of 
benzene,  trichloroethylene,  and  petroleum  hydrocarbons  In  the  gas  streams. 
These  measurements  were  made  In  the  raw  gas  manifold  as  well  as  at  the  suction 
to  the  blowers,  downstream  of  the  carbon  bed. 

Trichloroethylene  was  never  detected  by  the  Oraeger*  tubes  at  any  time 
In  the  raw  gas  manifold.  Benzene  was  detected  In  the  range  of  5-90  ppm  In  the 
raw  gases  leaving  the  vapor  barrier  during  the  first  46  hours  of  the  heating^ 
cycle.  In  subsequent  measurements,  benzene's  presence  could  not  be  positively 
confirmed  with  the  Oraeger*  tubes  due  to  apparent  Interference  with  other 
materials  present  In  the  gas  stream. 

The  Graeger*  tubes  for  petroleum  hydrocarbon  were  used  extensively 
during  the  heating  cycle.  Its  results  are  calibrated  In  terms  of  ppm, 
equivalent  n-octane.  This  tube  responds  to  other  aliphatic  hydrocarbons 
present  in  the  gas  stream  (Reference  6).  Due  to  multiple  components  present 
In  the  raw  gases  leaving  the  vapor  collection  zone,  the  results  of  the 
hydrocarbon  Oraeger*  tubes  cannot  be  used  for  reliable  quantitative  work.  For 
example,  the  tube  Indicates  2500  n-octane  if  the  qas  line  contains  1000  ppm  of 
n- hexane.  On  the  other  hand.  If  the  gas  line  contains  1000  ppm  n«nonane,  the 
Oraeger*  tube  indication  would  be  only  500  ppm  n-octane.  Thus,  as  the 
molecular  weight  Increases  beyond  that  of  octane,  the  tube  response  in 
equivalent  n-octane  decreases;  and  as  the  molecular  weight  decreases  below 
that  of  n-octane,  the  response  Increases.  The  addition  or  removal  of  tvan  one 
CH^  group  from  the  hydrocarbon  chain  has  significant  affect  on  the  response  of 
the  tube.  The  tube  response  is  also  highly  dependent  upon  the  structure  of 
the  hydrocarbon  chain.  For  axampla,  1500  ppm  of  Iso-cctane  would  be  indicated 
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a>  2500  ppm  n-octane.  '  Because  of  the  cross  sensitivity  of  the  tube,  the 
actual  total  hydrocarbon  content  In  the  raw  gas  manifold  may  be  higher  than 
the  readings  registered  by  the  Draeger*  tube.  This  Is  so  because  In  the  raw- 
gas  manifold  the  concentration  of  higher  molecular  weight  hydrocarbons  would 
be  nigh  as  opposed  to  the  concentration  after  cooling  and  condensation. 

On  the  other  hand,  the  readings  of  the  tube  taken  downstream  of  the 
carbon  bed  would  be  higher  than  the  actual  hydrocarbon  concentration,  because 
the  tube  gives  a  higher  reading  In  response  to  low  molecular  weight 
hydrocarbons,  which  would  be  expected  at  the  outlet  of  the  carbon  bed. 

The  hydrocarbon  Draeger*  tube  measurements  were  made  on  raw  gases 
leaving  the  collection  zone.  These  measurements  ranged  between  500  to  1500 
ppm  equivalent  n-octane  from  the  4th  day  of  the  heating  cycle  to  the  end  of 
the  test. 

Draeger*  tube  measurements  on  the  gas  stream  leaving  the  carbon  bed 
Indicated  a  concentration  In  the  range  of  200  to  2000  ppm.  There  was  only  one 
data  point  out  of  21  with  a  concentration  of  2000  ppm.  As  discussed  above, 
these  concentrations  are  probably  much  higher  then  the  true  hydrocarbon 
concentration  In  the  outlet  gas  line. 

6.  Gas  Flowrate  Measurements 

The  total  gas  flow  rate  In  the  raw-gas  manifold  and  at  the  suction  of 
the  blowers  were  measured  by  Inserting  a  pitot  tube  In  the  gas  lines.  The 
actual  gas  flowrata  In  the  raw-gas  manifold  was  fou.bd  to  vary  between  12.7  and 
16.3  cubic  feet/minute.  The  average  rate  was  15.1  cfm  with  a  standard 
deviation  of  ±1.1  cfm.  The  standardized  flowrate  at  70*F  and  1  atm  was  In  the 
range  of  9.7  to  12.6  scfm.  The  average  rate  was  11.5  scfm  with  a  standard 
deviation  of  ±0.8  scfm. 

The  actual  flowrate  In  the  blower  suction  ranged  from  11  to  18.7  cfm. 
The  range  of  standard  flowrate  at  7Q'F  and  1  atm  pressure  et  the  blower 
auction  was  10  to  18.2  scfm.  The  average  rate  wes  15.3  scfm  with  standard 
deviation  of  ±2.4.  The  apparent  discrepancy  between  the  standard  flowrates  at 
the  two  locetlons  Is  probably  due  to  errors  In  the  pitot  tube  measurement 
procedure  and  due  to  gas  leaks  Into  the  blower  suction. 


E.  RF  SYSTEM  PERFORMANCE 

The  operational  performance  of  the  RF  heating  system  used  for  the  Volk 
Field  ANG8  demonstration  test  was  evaluated  by  monitoring  the  RF  power  ab¬ 
sorbed  by  the  array,  the  AC  power  consumed  by  the  RF  power  source,  by  tracking 
the  electrode  array's  Input  Impedance  and  by  continuously  adjusting  the 
matching  network  to  achieve  the  most  efficient  energy  distribution  between  the 
source  and  the  array. 

Both  the  forward  and  reflected  power  at  the  output  of  the  RF  power  source 
were  continuously  monitored  throughout  the  test  with  measurements  made  not 
less  than  once  per  hour.  By  periodically  adjusting  the  variable  components  of 
the  matching  networks,  the  reflected  power  to  the  RF  power  source  was  main¬ 
tained  at  zero.  The  three-phase  AC  power  consumed  by  the  RF  power  source  was 
periodically  measured  during  the  test.  Finally,  by  recording  the  measurements 
obtained  from  the  IITRI  designed  In-line  Impedance  meter,  changes  In  trends  In 
the  Input  Impedance  to  the  electrode  array  were  tracked  as  a  function  of  proc-' 
ess  temperature  and  time.  By  monitoring  the  trends  In  this  Impedance,  a  qual¬ 
itative  assessment  of  the  performance  of  the  RF  heating  system  was  maintained 
In  conjunction  with  measured  soil  temperature  data  and  by  comparing  the  actual 
electrode  array  Input  Impedance  measurements  to  those  predicted.  The  Smith 
chart  Illustrated  In  Figure  40  shows  the  degree  of  agreement  between  the 
actual  measured  electrode  array  Input  Impedance  and  that  predicted  during  the 
design  phase  of  this  project.  The  trends  in  the  two  Illustrated  curves  are, 
for  the  most  part.  Identical  with  the  exception  of  their  Initial  starting 
point  which  was  affected  by  the  lower  percent  moisture  concentration  exhibited 
In  the  actual  field  test  soil  as  compared  to  that  used  In  the  predictions. 
Based  on  the  RF  heating  systems  performance  for  this  target  soil.  It  was 
determined,  during  the  operation  of  this  test,  that  the  use  of  a  single 
applied  RF  frequency  of  6.78  MHz  would  be  sufficient.  The  continuous  tracking 
of  the  electrode  array's  input  Impedance  showed  good  agreement  to  the  Initial 
predictions  which  had  Identified  the  sole  use  of  this  frequency.  In  addition, 
the  maximum  SWR  achieved  by  the  electrode  array  at  the  final  average  soil  tem¬ 
perature  of  approximately  I60*C  did  not  exceed  the  35:1  range.  As  a  result. 


Fl3ur*  *°*  krr **  I*»d*nc*;  Actual  **.  Prtdlcttd. 


none  of  the  Batching- network,  coaponents  from  either  of  the  two  configurations 
utilized  during  the  test  required  operation  at  their  stress  points. 

Both  of  the  Batching  network  configurations  orlqlnally  envisioned  during 
the  design  phase  of  this  demonstration  test  were  required  even  though  a  single 
frequency  of  applied  RF  energy  was  utilized.  The  Initial  heating,  to  an 
average  soil  temperature  of  approximately  120*C  with  a  corresponding  electrode 
ar-ay  SWR  of  approximately  15:1,  utilized  a  Batching  network  consisting  of 
variable  high  power  RF  capacitors  coupled  with  a  coaxial  line  stretching  sec¬ 
tion  that  was  capable  of  operation  for  a  low  SWR  range.  This  configuration 
required  little  or  no  enhanced  voltage  stand-off  pressurization  of  the  coax 
line  stretching  section.  No  additional  deionized  water  cooling  was  required 
by  the  variable  capacitors  of  this  Batching  network  configuration.  It  becane 
apparent  that  as  the  oolsture  within  the  soil  was  vaporized  and  the  average 
soil  teaperature  went  beyond  120*C,  that  the  capacity  of  the  Initial  Batching 
network  configuration  would  be  exceeded.  At  this  point,  a  second  Batching' 
network  configuration  consisting  of  slallar  coaponents  but  capable  of  handling 
higher  SWR  ranges  was  installed.  This  configuration  required  the  pressuriza¬ 
tion  of  the  coaxial  line  stretching  section  with  Freon  116  to  a  pressure  of  5 
pslg.  Additionally,  deionized  water  cooling  was  required  for  one  of  the  varl- 
aole  high  power  RF  capacitor  eleaents  of  this  Batching  network  configuration. 
An  external  cooling  unit  circulating  deionized  water  was  connected  for  this 
purpose.  The  changeover  between  the  two  aatchlng  network  configurations 
occurred  at  the  end  of  the  fourth  day  of  heating.  Use  of  this  second  higher 
SWR  range  matching  network  configuration  was  continued  throughout  the  balance 
of  the  heating. 

An  average  RF  power  level  of  35  kW  was  applied  for  the  first  4  days  of 
heating.  This  corresponded  to  the  tine  and  energy  required  to  achieve  an  av¬ 
erage  soil  temperature  of  1Q0*C  and  Included  the  vaporization  of  the  majority 
of  the  soil  voluee's  moisture  content.  The  average  soil  temperature  at  the 
end  of  the  first  4  days  of  heating  was  approximately  120*C.  An  average  RF 
powe>'  level  of  approxleately  20  kW  was  applied  for  the  final  8  days  of 
heating.  This  corresponded  to  ac..«v1ng  an  avtrage  soil  temperature  of  ap¬ 
prox  1  natal  y  !50*C  (4  days)  and  nalntalnlng  this  tenperature  during  a  soak 
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period  of  approximately  4  days.  Figure  41  Illustrates  a  histogram  of  the  RF 
power  level  applied  during  the  demonstration  test  as  well  as  cumulative  curves 
of  the  RF  energy  absorbed  by  the  electrode  array  and  the  required  three-phase 
AC  power  consumed  by  the  RF  power  source.  Table  17  summarizes  this  Informa¬ 
tion  and  Includes  an  estimated  cost  per  unit  volume  for  the  electrical  energy 
required  to  decontaminate  soils  of  this  type.  It  should  be  notea  that  this 
demonstration  test  utilized  an  existing  HF  bana  radio  frequency  transmitter 
whose  efficiency  Is  In  the  40  to  45  percent  range.  Hewer  units  or  power 
amplifiers  are  available  today  that  can  provide  between  70  and  80  percent 
power  conversion  efficiency.  Use  of  one  of  these  newer  units  would  have  the 
Impact  of  reducing  the  cost  per  cubic  yard  from  the  listed  $45  to 
approximately  $2C  per  cubic  yard. 


TABLE  17.  POWER  CONSUMPTION  AMO  COSTS 


RF  Energy  Absorbed 
3a  AC  Energy  Consumed 
Efficiency* 

Volume  Heated 

Hass  Heated 

AC  Energy  Costs 

Cost  for  RF  Energy  Generation 

Cost  per  Unit  Volume 


6580  KWHR 
15480  KWHR 
431 

504  cu.  ft.  (19  cu.  yd.) 

35  tons 

5.54/KWHR 

$850 

$45  per  cu.  yd. 


*Based  on  utilizing  the  IITRI  available 
AN/FRT-6  HF  band  RF  transmitter. 


F.  RF  EMISSIONS  MONITORS 

Near  and  far-fleld  electromagnetic  measurements  were  cade  at  and  around 
the  test  are*.  Hcar-fleld  refers  to  the  Immediate  vicinity  of  the  test  site; 
far-fleld  refers  to  locations  1/8  to  1/2  mile  from  the  test  site.  All  far- 
fleld  locations  were  selected  In  consultation  with  Volk  Field  ANG8  base  com¬ 
munication  personnel.  The  purpose  of  these  measurements  was  to  ensure  that 
any  radiated  RF  power  levels  were  below  permissible  FCC  and  Air  Force 
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Flour*  41.  RF  rower  Hlstogre*. 


standards*  that  no  'Interference  was  generated  with  base  coaaunl  cat  Ions,  and 
that  no  personnel  safety  prcblea  areas  existed. 


These  aeasureaents  were  aade  In  two  distinct  phases.  The  first  phase  or 
series  of  aeasureaents  was  conducted  before  the  Initiation  of  the  actual  test 
by  applying  low  RF  power  levels  to  the  electrode  array  and  eonltorlng  both 
near  and  far-fleld  radio  frequency  Interference  (RFI)  electric  field  Intensity 
values  In  order  to  Identify  any  potential  problea  areas.  The  second  series  of 
aeasureaents  were  conducted  throughout  the  test  at  Intervals  of  approx laately 
every  3  days.  These  near  and  far-fleld  RFI  aeasureaents  were  Bade  while  full 
power  was  being  applied  to  the  electrode  array.  Aablent  field  levels  were 
aeasured  by  aoaentarlly  turning  off  the  RF  source  to  the  electrode  array  at 
each  aeasureaent  point  or  location. 

Figure  42  Illustrates  an  overview  of  the  Volk  Field  fire  training  pit  site 
layout.  This  figure  Illustrates  the  locations  of  the  RFI  safety  aeasureaent 
points  aonltored  throughout  the  test.  Both  radiated  RF  electric  field 
strength  and  aablent  electric  field  strength  are  Illustrated.  Table  16  con¬ 
tains  the  aaxlaua  aeasured  electric  field  strengths  for  both  near  and  far- 
fleld  RFI  safety  aeasureaents.  Also  Illustrated  In  this  table  are  the  appro¬ 
priate  Halts  Identified  by  the  Aaerlcan  National  Standards  Institute  (ANSI) 
and  the  National  Institute  of  Occupational  Safety  and  Health  (NIOSH)  for  near 
field  continuous  exposure  to  electric  fields  at  this  frequency  of  operation. 
The  aaxlaua  aeasured  electrical  field  strength  of  28  volts  per  aeter  Is  wore 
than  six  tlaes  below  the  alnlaua  of  Chese  two  ratings.  In  addition,  no  elec- 
troaagnetlc  Interference  was  experienced  by  any  of  the  air  national  guard  base 
communication  staff  throughout  the  duration  of  the  heating  experlaent. 

Table  Id  Identifies  the  electric  field  strength  as  aeasured  at  a  variety 
of  distances  away  froa  the  electrode  array.  These  values  of  30  allllvolts  per 
aeter  at  a  distance  of  200  asters  away  and  4  allllvolts  per  aeter  at  800  ae- 
ters  away  aeet  all  FCC  requirements  for  operations  utilizing  ISM  band  frequen¬ 
cies.  Table  19  Identifies  out-of-band  electric  field  strength  aeasureaents 
for  a  principal  applied  frequency  of  6.78  MHz.  Out-of-band  refers  to  aeasure¬ 
aents  at  frequencies  other  than  the  operating  frequency  directly  generated  as 
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Fl0ur«  42.  RFI  Safty  Heasuraent  Locations. 


TABLE  18.  RFI  SAFETY  MEASUREMENTS  NEAR/FAR  FIELD  APPLIED 
FREQUENCY  -  6.78  I  ISM] 


Distance 
From 
Array 
[ Meters  1 


Electric 

Field 

Strength* 

(Volts/Meteri 


Electr 

ANS 


Personnel  Safety 
Continuous  Exposure 
c  Field  Standards 


Volts/Meter 

N 


OSH 


5  28.0  272.  192. 

200  0.030 

800  0.004 


*  Applied  Power 
SWR  -  28:1 


25  kW 


TABLE  19.  OUT-OF-BAND  ELECTRIC  FIELD  STRENGTH  NEAR/FAR  FIELD  MEASUREMENTS 
APPLIED  FREQUENCY  *6.78  MHz  [ISM|  APPLIED  POWER  -  35  kM 


Distance 

Electric 

FCC  Out-Of-Band 

from 

Field 

Electric  Field  Strength 

Array 

Strength* 

Limits 

(Meters] 

(Micro  Volts/Meter) 

(Micro  Volts/Meter) 

5 

175. 

— 

300 

3. 

210. 

800 

<  1. 

10.  (1600  meter  limit] 
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part  of  Its  operation,  (harmonics,  case  radiation,  etc).  From  the  table  It  Is 
seen  that  the  out-of-band  electric  field  strengths,  as  measured  In  and  around 
the  Volk  Field  test  site,  were  more  than  10  times  lower  than  the  acceptable 
FCC  limits. 

The  fact  that  all  RFI  measurements  near  and  far-fleld  met  personnel  safety 
limits  and  were  within  permissible  standards.  Indicates  that  more  than  suffi¬ 
cient  efforts  were  employed  during  the  design,  fabrlatlon  and  Installation  of 
this  field  demonstration  test.  The  steps  taken  towards  these  design  and 
fabrication  procedures  are  easily  scaled  up  to  full-scale  site  decontamination 
projects. 


SECTION  VII 


CONCLUSIONS  ANO  RECOtlENOATIONS 

A.  CONCLUSIONS 

The  feasibility  of  JUj  situ  soil  decontamination  by  RF  _1n  situ  heating  of 
soil  was  successfully  demonstrated  In  tnls  project  through  a  field  test.  It 
was  shown  that  sandy  soil  containing  unbumt  waste  oils,  solvents  and  jet  fuel 
can  be  cleaned  up  and  94  percent  of  the  allphatlcs  and  99  percent  of  the 
aromatics  removed  by  heating  the  soil  to  a  temperature  range  of  150*-160*C. 
It  Is  expected  that  additional  removal  of  allphatlcs  can  be  achieved  by 
Increasing  the  treatment  duration  or  by  Increasing  the  temperature. 

Analysis  of  soil  samples  as  a  'unction  of  depth  indicates  that  uniform 
decontamination  of  the  contaminated  zone  had  occurred  to  depths  of  6  feet. 

It  was  shown  that  high  boiling  contaminants  such  as  hexadecane  can  be 
removed  at  temperatures  much  below  their  normal  boiling  point  as  a  result  of 
long  residence  time  and  gas  sweep  provided  by  native  moisture  boiling  out  of 
the  soil. 

The  reduction  of  contaminant  concentration  In  the  zone  Immeolately  outside 
the  heated  zone  indicates  that  no  net  migration  of  contaminants  from  the 
heated  area  had  occurred.  The  presence  of  a  vaporized  liquid  tracer.  Injected 
outside  the  hot  soil.  In  the  hot  gases  leaving  the  treatment  zone  Indicates 
that  soil  gas  and  liquids  migrate  from  the  surrounding  cool  zones  Into  the  hot 
zone  where  they  are  volatilized  and  recovered. 

The  cost  estimates  for  the  full-scale  system  for  the  treatment  of  soil 
Indicate  that  the  RF  process  Is  substantially  less  expensive  than  excavation 
and  Incineration  of  the  contaminated  soil.  It  was  estimated  that  the  treat¬ 
ment  cost  per  ton  by  the  RF  process  would  be  In  the  range  of  $29  to  $60. 
Treatment  by  Incineration  of  soil  Is  expected  to  cost  $180-310  per  ton  of 
soil. 

The  RF  In  situ  process  offers  additional  significant  advantages  over 
conventional  and  even  alternative  technologies  under  development  for  the 
remediation  of  waste  sites. 


The  RF  process  1st. a  true  In  situ  process.  It  is  estimated  that  only  0.5 
percent  of  the  volume  treated  will  require  excavation  or  drilling  in  order  to 
Install  the  electrode  array.  As  a  result,  the  process  minimizes  the  risk  of 
contaminant  redispersion  and  exposure  of  operating  personnel. 

Effluent  gas  production  In  the  RF  process  is  minimal;  it  is  estimated  that 
it  would  be  1000  times  less  than  processes  based  on  incineration.  This  is 
because  the  RF  process  does  not  rely  on  in  situ  combustion  of  fuels  or  Injec¬ 
tion  of  air  for  heating  of  the  soil.  A  concentrated  liquid  stream  is  produced 
which  contains  water  and  the  condensed  organic  materials,  which  can  be  readily 
disposed  off  In  conventional  treatment  systems. 

B.  RECQMMENOATICNS 

The  results  of  this  field  test  have  shown  that  in  situ  soil  decontamina¬ 
tion  by  RF  heating  is  Indeed  feasible.  These  results  warrant  process  optimi¬ 
zation  and  full-scale  demonstration  so  that  the  process  can  be  made  available^ 
for  commercial  application  for  hazardous  waste  site  remediation. 

The  purpose  of  process  optimization  Is  to  reduce  the  overall  treatment 
cost,  develop  hardware  designs  which  can  be  readily  Implemented  In  the  field, 
and  extend  the  process  to  other  types  of  soil,  such  as  clay,  through  labora¬ 
tory  pilot-scale  experiments.  Specifically,  the  optimization  studies  need  to 
address  the  following  Issues: 

•  Evaluate  cost  benefits  of  combining  the  RF  In  situ  heating 
with  the  soil  venting  process  on  soil  decontamination. 

•  Evaluate  cost  cutting  strategies  through  an  In  situ  pre¬ 
heating  step  which  utilizes  the  same  electrode  array  but 
uses  60  Hz  AC  heating  Instead  of  RF  heating.  With  AC 
heating,  the  power  source  capital  cost  can  be  reduced. 

•  Evaluate  technical  merits  and  limitations  of  various  com¬ 
binations  of  AC  and  RF  heating  with  soil  venting. 

•  Develop  engineering  designs  of  an  efficient  vapor  treat¬ 
ment  system. 

•  Develop  designs  for  reusable  vapor  barriers  which  can  be 
easily  Installed  in  the  field. 
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•  Eliminate  the  RF  transition  section  and  replace  with  a 

simplified  RF  power  feed  system  which  Is  less  bulxy, 
cheaper  and  easier  to  Install  than  the  existing 

transition. 

•  Extend  the  process  to  clayey  soils  through  laboratory 
pilot-scale  experiments. 

The  full-scale  commercial  design  of  the  treatment  system  should  be  done  after 
the  various  optimization  Issues  listed  above  have  been  resolved.  A  full-scale 
decontamination  of  a  fuel-  or  solvent-contaminated  site  should  be  done  to 
demonstrate  the  optimized  design. 
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APPENDIX  A 


ANALYSIS  Of  SOLVENTS  AND  JET  FUEL  IN  SANOY  SOIL 

In  this  appendix,  the  procedures  for  the  analyses  of  tetrachloroethylene, 
chlorobenzene,  and  jet  fuel  In  soil  are  described.  Analysis  of  these  contami¬ 
nants  In  soil  Is  a  two-step  procedure.  The  first  step  consists  of  extraction 
and  removal  of  the  contaminant  from  the  soil  Into  an  organic  solvent.  The 
second  step  consists  of  analysis  of  the  extract  phase  for  the  contaminant  of 
Interest. 

During  the  course  of  this  program,  distillates  were  produced  by  conden¬ 
sation  of  vapors  formed  during  the  thermal -treatment  experiments  described  In 
Section  II  of  the  main  report.  After  drying,  the  distillates  were  analyzed 
for  contaminants  using  procedures  of  the  second  step  mentioned  above. 

For  all  experiments,  the  extraction  step  was  performed  by  steam  distil¬ 
lation  of  the  soil  In  a  Nlelson-Kryger  distillation  apparatus,  but  two  dif¬ 
ferent  methods  were  used  for  the  analysis  of  distillate  depending  upon  the 
type  of  contaminants  present. 

When  the  only  contaminant  present  in  soil  was  tetrachloroethylene,  the 
extracts  as  well  as  the  distillates  were  analyzed  on  a  gas  chromatograph 
equipped  with  an  electron  capture  detector  (ECO).  When  tetrachloroethylene 
and  chlorobenzene  were  present  together  or  when  jet  fuel  was  present  In  soil, 
the  extracts  as  wall  as  distillates  were  analyzed  on  a  GC/MS  system. 

The  extractions  and  analytical  methods  and  procedures  described  In  this 
appendix  are  only  applicable  to  the  pilot-scale  experimental  results  presented 
In  Section  II  of  the  report.  The  Nlelson-Kryger  steam  distillation  procedure 
was  used  along  with  a  different  GC/HS  procedure  for  the  analysis  of  semlvola- 
tlles  In  the  pretest  and  posttest  results  presented  In  Sectlun  VI  of  the 
report.  The  analytical  procedures  for  the  samples  associated  with  the  field 
test  are  described  In  Appendices  B  and  C. 


A.  NIELSON-KRYGER  STEAH  D ISTI LLAT I OM-EXTRACT I OH  OF  SOIL 

1.  Equipment 

A  Nlelson-Kryger  steam  distillation  condenser  (sold  by  Ace  Glass, 
Inc.)l  500  ml  Pyrex*  round-bottom  flask,  disposal  glass  pipettes  for  preparing 
Tenax*  traps,  prewashed  Pyrex*  glass  wool  plugs. 

2.  Reagents 

TA  grade,  60/80  mesh  Tenax*;  pesticide  grade  Iso-octane;  HPLC  grade 
hexane,  anhydrous  sodium  sulfate,  ACS  grade;  and  hydrocarbon  free  distilled 
water. 

3.  Sample  Preparation 

Contaminated  soil  needs  no  special  preparation  prior  to  steam 
distillation. 

4.  Procedure 

Steam  distillation  of  the  soil  was  performed  to  remove  the 
contaminants  In  the  soil  and  to  transfer  them  to  a  liquid  phase  that  could 
then  be  analyzed  on  a  gas  chromatograph  (GC)  using  an  electron  capture 
detector  (ECO),  or  a  GC/MS  systaa. 

Approximately  75  gms  of  the  soil  sample  was  placed  In  the  500  ml  round 
bottom  flask,  250  ml  of  hydrocarbon  (HC)  free  water  was  added  and  the  flask 
was  attached  to  the  Nlelson-Kryger  condenser  as  shown  In  Figure  A-i.  The 
condenser  was  charged  with  approximately  10  ml  of  HC  free  water  followed  by 
approximately  10  ml  of  hexane.  The  two  liquids  separate  into  two  phases  In  an 
annular  zone  In  the  lower  part  of  the  condenser.  The  heavier  water  phase 
fills  the  liquid  withdrawal  tube  and  partially  fills  the  water  overflow  tube. 
A  disposable  glass  plpet  filled  with  approximately  1  gm  of  Tenax*  was  attached 
to  the  condenser  opening  at  the  tc. . 

When  the  water,  soil,  and  contaminant  mixture  Is  brought  to  boll  In 
the  flask,  the  vapors  rise  up  through  the  vapor-riser  and  condense  on  the 
walls  of  the  condenser.  The  condensate  collects  In  the  annular  space  which 
was  prefllled  with  hexane/water.  The  condensate  separates  Into  two  phases 
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Tenax  Trap 


with  simultaneous  extraction  of  the  contaminant  Into  the  hexane  phase.  As  the 
steam  distillation  proceeds,  the  water  layer  Increases  In  volume  until  It 
begins  to  reflux  through  the  overflow  tube.  The  steam  distillation  was  per¬ 
formed  for  a  period  of  16  hours  on  each  soil  sample,  at  the  end  of  which  the 
heating  was  discontinued  and  the  apparatus  allowed  to  cool  to  room  tempera¬ 
ture. 

The  water  and  hexane  phase  were  recovered  Into  a  separatory  funnel. 
The  Tenax*  trap  was  removed  from  the  condenser  and  flushed  with  rure  hexane 
(10  ml)  ;n  remove  any  trapped  contaminant.  The  condenser  was  rinsed  with 
water  and  hexane  to  remove  any  unrecovered  droplets  of  water.  The  washings 
were  also  added  to  the  separatory  funnel.  After  allowing  the  two  phases  to 
separate,  the  water  phase  was  drained  from  the  funnel  and  the  remaining  hexane 
phase  was  combined  with  the  hexane  from  the  Tenax*  .*ash  and  dried  through  a 
bed  of  anhydrous  sodium  sulfate.  The  dried  hexarw  phase  was  brought  up  to  a 
volume  of  100  ml  In  a  volumetric  flask.  Two  to  three  drops  of  triple  dis¬ 
tilled  mercury  was  added  to  the  recovered  extract  to  remove  sulfur  Impurities. 

B.  DETERMINATION  Of  TETRACHLOROETHYLENE  RECOVERY  EFFICIENCY 

The  purpose  of  this  evaluation  was  to  determine  what  fraction  of  tetra- 
chloroethv  lene  originally  contained  In  soil  could  be  recovered  during  steam 
distillation  and  the  subsequent  sample  preparation  steps.  The  recovery  of 
tetrachloroethylene  was  expected  to  be  less  than  IOC  percent  for  several 
reasons:  (1)  strong  Irreversible  adsorption  of  ‘etrachloroethylene  on  the 
soil,  (2)  evaporative  losses,  and  (3)  sample  loss  during  transfer,  phase 
separation,  crying,  etc. 

Of  the  three  reasons  mentioned  »(nove,  adsorption  of  tetrachloroethylene  In 
soil  was  expected  to  account  for  most  of  the  recovery  losses.  Evaporative 
losses  were  minimized  In  the  proposed  technlquas  by  two  precautions:  the  use 
of  Tenax*  traps  to  minimize  lots  of  uncondensed  tetrachloroethylene  tnrough 
the  condenser  and  the  use  o?  Ice  baths  to  chill  the  distillate  during  prepara¬ 
tory  steps  like  phase  separation,  drying,  etc.  Sample  losses  during  distil¬ 
late  transfer,  phase  separation,  drying  was  minimized  by  thoroughly  rinsing 


all  glassware  with  fresh  hexane.  The  rinsate  was  combined  with  the  distillate 
prior  to  the  drying  step. 

Steam  distillation  of  tetrachloroethylene  and  water  mixture  In  the  absence 
of  soil  showed  essentially  the  same  recovery  efficiency  as  for  steam 
distillation  of  spiked  soil.  Thus,  irreversible  adsorption  of  tetrachloro¬ 
ethylene  on  the  sandy  soil  used  In  this  study  was  presumed  to  have  negligible 
effect  upon  recovery  efficiency. 

The  recovery  efficiency  for  tetrachloroethylene  was  determined  by  the 
steam  distillation  of  spiked  soil.  The  recovery  efficiency  was  found  to  range 
from  86  to  107  percent.  In  Table  A-l  the  data  on  recovery  efficiency  Is 
presented.  In  Figure  A-2  the  recovery  efficiency  Is  plotted  as  a  function  of 
true  concentration  of  tetrachloroethylene  in  soil.  The  data  In  this  figure 
show  that  the  recovery  efficiency  Is  Independent  of  the  tetrachloroethylene 
concentration  In  soil.  An  average  recovery  efficiency  of  97.1  percent  was 
obtained. 

1.  Procedure  for  Spiking  Soil 

Spiked  soil  samples  were  prepared  by  adding  to  the  soil  a  known  volume 
of  a  tetrachloroethylene  solution  In  Iso-octane.  The  concentrations  of  the 
solution  were  determined  by  SC  analysis.  Each  recovery  efficiency  experiment 
was  performed  using  75  gms  of  soil  containing  5.7  percent  moisture  In  a  500  ml 
Pyrex*  glass  round  bottom  flask.  A  known  volume  of  spiking  solution  was  added 
to  the  soil,  the  flask  was  sealed  and  the  spiked  soil  was  tumbled  for  a  period 
of  3  hours  by  attaching  the  sealed  flask  to  a  rotovap.  To  prevent  vaporiza¬ 
tion  of  tetrachloroethylene  during  tumbling  the  rotating  flask  was  placed  In 
an  Ice  bath.  After  3  hours  of  tumbling  the  flask  was  attached  to  the  Mlelson- 
Kryger  distillation  condenser.  The  recovery  experiments  were  performed  In  the 
same  flask  In  which  the  soil  was  spiked  and  tumbled. 

The  steam  distillation  and  sample  preparation  were  performed  according 
to  the  procedure  described  above. 

C.  GC/ECO  PROCEDURE  FOR  EXTRACT  ANO  DISTILLATE  ANALYSIS 

As  mentioned  earlier,  two  different  procedures  were  used  for  the  analysis 
of  extracts  and  distillates.  The  GC/ECD  procedure  was  used  when  the  only 
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Figure  A-2.  Tetrachloroethylene  Recovery  Efficiency  by  Steae  Distillation. 
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contaminant  present  In  soil  was  tetrachloroethylene;  when  chlorobenzene  or  jet 
fuel  was  present  a  GC/MS  procedure  was  used. 

1.  Equipment 

A  Hewlett-Packard  5840  gas  chromatograph  equipped  with  a  N1«*  electron 
capture  detector  was  used  for  the  analysis.  The  separation  was  performed  on  a 
2-meter  long,  l/8-1nch  I.D.  stainless  steel  column  packed  with  4  percent  0V- 
101  supported  on  80/100  mesh  chromosorb  G,  AW-DMCS  supplied  by  Supelco,  Inc. 
The  GC  operating  conditions  are  summarized  In  Table  A-2. 


TABLE  A-2.  GC  OPERATING  CONDITIONS 


Temperatures: 

Oven 

Injector 

Detector 


70*C  (Isothermal) 

175*C 

200*C 


Carrier  Gas: 


5*  CH  In  95*  Argon 
20  ml /min 


Analysis  time 


25  minutes 


Average  retention  time 

of  tetrachloroethylene  5.8  ±  0.1  minutes 


2.  Sample  Injection  Procedure 

Approximately  1.5  to  4.0  ul  of  the  prepared  staple  (or  calibration 
standard)  was  Injected  Into  the  6C  with  a  10  ul  syringe.  The  solvent  flush 
Injection  method  (1.5  ul  air,  2  ul  of  hexane,  1  ul  air,  sample,  1.0  ul  air) 
was  used.  Between  Injections  the  syringe  was  cleaned  by  rinsing  10  times  each 
in  three  different  bottles  of  MeOH  and  five  times  each  In  two  different  hexane 
bottles. 

3.  Calibration  Procedure 

The  GC  was  checked  with  three  different  calibration  standards  every 
day.  The  area  response  was  compared  with  the  full  calibration  curve  to  check 
for  deviations  and  linearity.  If  the  dally  GC  check  showed  a  deviation  of 
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more  than  10  percent,  then  the  GC  was  recalibrated.  Fresh  calibration  stan¬ 
dards  were  prepared  every  week.  When  not  in  use,  the  calibration  standards 
were  kept  under ^refrigeration  at  a  temperature  of  -2Q"C.  Before  use,  each 
standard  was  allowed  to  warm  up  to  room  temperature  and  checked  for  Integrity 
and  volume  loss. 

Calibration  standards  were  prepared  by  volumetric  dilution  of  a  stock 
solution  prepared  gravlaetrlcally  from  99.9  percent  HPLC  grade  tetrachloro- 
ethylene.  Fresh  stock  solutions  were  prepared  on  a  monthly  basis. 

Solvent  blanks  were  performed  on  the  pesticide  grade  Iso-octane. 
These  blanks  showed  a  small  response  at  the  same  retention  time  as  that  of 
tetrachloroethylene.  It  was  determined  that  for  soil  experiments  at  1000  ppm 
level,  the  solvent  blank  concentration  would  be  a  factor  of  400  less  than  that 
of  the  most  dilute  sample  to  be  analyzed.  For  this  reason,  Iso-octane  was 
used  as  a  solvent.  However,  In  the  course  of  the  program.  It  was  decided  to 
perform  experiments  with  soil  containing  10  ppm  of  the  contaminant.  It  wav 
determined  that  for  such  experiments  Iso-octane  could  not  be  used  as  a  solvent 
for  preparing  calibration  standards.  It  was  estimated  that  the  solvent  blank 
concentration  would  be  less  than  the  response  of  the  most  dilute  sample  by 
only  a  factor  of  15.  Therefore,  various  solvents  were  screened  until  HPLC 
grade  cyclohexane  was  found  to  give  no  Interfering  response  with  tetrachloro¬ 
ethylene.  Solvent  blanks  were  also  performed  on  other  solvents  used  In  this 
program  such  as  hexane  and  methanol.  It  was  verified  that  these  materials  did 
not  Interfere  with  tetrachloroethylene. 

Multipoint  calibration  curves  were  obtained  by  Injection  of  prepared 
standards  and  plotting  the  mass  of  tetrachloroethylene  Injected  against  the 
area  response  on  the  GC. 

Figure  A-3  shows  a  typical  calibration  curve  for  standards  prepared  In 
Iso-octane.  A  second  order  polynomial  was  fitted  to  the  data.  The  equation 
of  the  fitted  curve  was: 


126 


s.5  [  GC  CAL  DATA  FOR  TETRACHLOR0 


Y  •  2.59  x*  ♦  12.7  x  +  0.0624 


(A— 1) 


where  Y  Is  the  Mount  of  tetrachloroethylene  injected,  nanogrMS 

x  is  the  scaled  area  response  obtained  by  dividing  the 
actual  area  response  by  10. 

The  r1  value  for  the  above  fit  is  0.99945. 

Figures  A-4  and  A-5  give  calibration  curves  for  standards  prepared  in 
cyclohexane  at  high  and  low  levels,  respectively.  The  data  from  each  of  these 
calibration  curves  was  fitted  to  second-order  polynomials. 

The  equation  obtained  for  the  high-level  calibration  data  of  Figure 

A-4  was: 


Y  -  5.38  x*  ♦  10.40  x  *  0.115  (A-2)' 

The  r*  value  for  this  fit  Is  0.9972. 

The  equation  obtained  for  the  low-level  calibration  data  of  Figure  A-5 

was: 


Y  -  -89.4  x*  ♦  16.63  x  ♦  0.0122  (A-3) 


The  r*  value  for  this  fit  It  0.9916.  Correlation  of  high  and 
low  level  data  separately  allowed  sleple  regression  equations  to  be  fitted  to 
the  data  while  still  alnlalzlng  the  error  of  the  correlations. 

4.  Calculation  Procedure 

The  following  procedure  was  used  for  calculating  the  concentration  of 
tetrachloroethylene  In  soil.  This  was  done  by  analyzing  the  concentration  of 
tetrachloroethylene  In  the  distillate  obtained  from  steam  distillation  of  the 
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GC  CAL  DATA  FOR  TETRACHLORO- 
ETHYLENE  IN  CYCLOHEXANE  CHI  . 
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Calibration  Data  for  Tetrichloroethylene  In  Cyclohexane 


soil.  The  total  weight  of  tetrachloroethylene  recovered  In  the  distillate  was 
corrected  by  the  weight  of  soil  extracted  1.0  obtain  the  apparent  concentration 
In  the  soil.  A  recovery  efficiency  correction  was  used  to  obtain  the  true 
concentration  of  tetrachloroethylene  In  soil. 

Let  the  area  response  of  the  tetrachloroethylene  peak  be  Ax  when  Vx  ul 
of  a  prepared  soil  extract  (obtained  by  the  steaa  distillation  of  a  soil 
sample)  Is  Injected.  Then  the  concentration  of  the  tetrachloroethylene  In  the 
soil  can  be  calculated  by  the  following  equations. 

\  <0F>  v.  i 

cx  ■  rx  v  «*  <A-4> 

Y,  -  iio  >1  <A-5>. 

where  Cx  »  concentration  of  tetrachloroethylene  In  soil,  ppm 

Yx  •  weight  of  tetrachloroethylene  Injected  on  column,  ng 

Vx  •  volume  of  sample  Injected,  ul 

DF  «  dilution  factor  If  prepared  sample  Is  diluted  before 
Injection 

Vfi  ■  volume  of  extract  made  by  steaa  distillation,  ml 

Mj  •  weight  of  soil  extracted,  gms 
c  •  recovery  efficiency 

aj  ■  parameters  of  the  second  order  polynomial  fitted  to  the  GC 
calibration  curve  (obtained  from  equation  1,  2,  or  3) 

Ax  -  scaled  area  response  of  the  tetrachloroethylene  peak. 

0.  GC/MS  ANALYSIS  OF  EXTRACTS  A NO  DISTILLATES  CONTAINING 
CHLOROBENZENE  AN)  TETRACHLOROETHYLENE 

The  purpose  of  this  experiment  was  to  analyze  the  soil  sample  extracts  for 
the  presence  of  TRCE  and  C8Z,  and  to  quantify  the  amount  detected.  This 
procedure  can  be  carried  out  by  using  a  gas  chromatograph  with  an  electron 
capture  detector.  Initially,  this  method  was  used  for  the  analysis  but  there 
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were  difficulties  In  the  detection  of  C8Z  due  to  its  relatively  low  electron 
capture  response.  Therefore,  combined  gas  chromatograph/mass  spectrometry 
(GC/MS)  was  chosen  as  the  analysis  technique. 

1.  Equipment 

Samples  and  standards  were  analyzed  using  combined  capillary  column 
GC/MS.  The  gas  chromatograph,  a  Hewlett-Packard  5890,  was  equipped  with  a  30 
m  x  0.33  m  l.d.  3P1  bonded  phase  vitreous  silica  (S.G.E.  Australia)  capillary 
column.  Samples  were  Injected  in  the  splltless  mode,  with  the  column  pro¬ 
gramed  from  40*C  {Isothermal  for  5  min)  up  to  220*C  at  43/m1n.  The  carrier 
gas  (He)  flow  rate  was  set  at  0.83  ml/aln.  The  column  was  coupled  directly  to 
the  Ion  source  of  the  mass  spectrometer,  a  HP  5970A  mass  selective  detector 
(MSD).  The  MSO  was  operated  In  l&e  selected  ion  monitoring  (SIM)  node. 

Two  masses  for  each  of  the  compounds  of  Interest,  TRCE  and  C8Z,  were 
selected  for  monitoring  during  the  SIM  experiment.  The  masses  monitored  for 
TRCE  were  163. 8  and  165.8  amu  and  77.0  and  111.9  amu  for  C8Z.  The  process' 
leading  to  the  selection  of  these  masses  involved  analyzing  a  standard  solu¬ 
tion  containing  TRCE  and  CBZ  In  the  cyclic  scan  mode,  scanning  the  mass  range 
from  m/e  34  to  m/e  200.  The  mass  spectrum  of  each  compound  was  examined  and 
the  two  masses  having  the  highest  Intensity  were  selected  for  the  SIM  mode. 

The  parameters  for  the  SIM  experiment  Included  setting  up  two  time 
windows  (one  window  for  each  of  the  2  sets  of  masses).  The  times  chosen  for 
these  windows  were  based  on  the  retention  times  of  the  two  compounds.  The 
dwell  time  on  each  mass  was  200  msec.  The  total  cycle  time  was  0.5  sec/cycle. 
The  multiplier  applied  voltage  was  set  at  2.0  KeV.  The  data  acquired  were 
stored  using  the  HP  9816S  computer  equipped  with  a  15  Mbyte  hard  disc  drive. 
(The  HP  9816S  is  the  controller  for  the  GC/MS  system.  It  also  receives  the 
data  from  the  detector  and  presents  the  data  In  a  suitable  form  to  the  user.) 

2.  Quantification 

An  external  standardization  method  was  chosen  In  order  to  quantify  the 
experimental  samples  submitted  for  analysis.  A  series  of  standard  solutions 
In  the  concentration  range  0,06  to  6.0  ng/pl  for  TRCE  and  C8Z  was  prepared. 
These  solutions  were  used  to  calibrate  the  Instrument.  A  calibration  curve. 
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similar  to  the  one  Illustrated  In  Figure  A-6,  was  generated  and  used  to  deter¬ 
mine  the  levels  of  TRCE  and  CBZ  present  In  the  experimental  samples.  To 
ensure  Instrument  stability,  a  calibration  standard  was  analyzed  each  work-day 
prior  to  sample  analysis.  If  the  value  of  the  calibration  standard  was  not 
within  10%  of  the  working  curve,  then  the  Instrument  was  recalibrated.  The 
experimental  sample  concentration  for  each  compound  was  determined  from  the 
calibration  curve,  using  the  standard  program  In  the  data  system. 

3.  Quality  Control 

Quality  control  samples  were  periodically  submitted  along  with  the 
experimental  samples  for  analysis  In  order  to  verify  that  the  results  reported 
were  reliable. 

A  suamwry  of  the  results  fcr  the  analysis  of  one  set  of  QC  samples  Is 
In  Table  A-3.  The  results  reported  are  based  on  one  analysis  of  each  sample. 
The  values  obtained  based  on  the  analysis  results  between  concentration  range 
6.0  to  0.20  ng/pl  are  within  a  10%  relative  error.  The  percent  relative  error 
Is  higher  for  those  concentrations  which  begin  to  fall  outside  the  linear 
range  of  the  calibration  curve.  Also,  at  the  lower  end  of  the  calibration 
range,  the  concentrations  begin  to  approach  the  lower  detection  limits  of  the 
Instrument.  In  order  to  Improve  the  results  of  the  values  obtained  at  the  low 
concentration  level,  an  additional  calibration  curve  was  prepared  In  the 
concentration  range  0.2  to  0.02  ng/pl .  All  other  samples  were  prepared  to  lie 
within  the  linear  range  of  the  calibration  curve. 

4.  Detection  Limits 

The  detection  limit  Is  estimated  to  be  0.033  ng/M*  for  TRCE  and  0.020 
ng/ul  for  CBZ.  These  concentrations  are  based  on  a  peak  which  Is  assumed  to 
be  2.5  x  the  background  noise.  Converted  to  soil  basis,  this  corresponds  to 
51  ppb  for  tetrachloroethylene  and  27  ppb  for  chlorobenzene. 

E.  GC/MS  PROCEDURE  FOX  EXTRACTS  AMO  OISTILLATES  CONTAINING  JET  FUEL 

The  purpose  of  this  analysis  was  to  determine  the  concentration  of 
total  aromatics,  total  nonaromatics,  toluene  and  pentadecane  In  extracts 
obtained  by  Nlelson-Kryger  sterna  distillation  of  soil  containing  Jet  fuel. 
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ng/M  t 


Toluene  was  chosen  to  represent  the  aromatics  present  in  the  samples, 
while  pentadacane  (Cx SH3 2)  selected  to  represent  the  high  boiling  com¬ 
pounds.  Combined  gas  chromatography/mass  spectrometry  (GC/MS)  was  used  as  the 
analysis  technique. 

TABLE  A-3.  RESULTS  OF  QUALITY  CONTROL  SA*»LE  'NALYSES 


E*p«ct*d  C4lcuiat#8  Exp*ct«d  Calculated 

A mt  TRCE.  A«t  TRCE  A»t  C32.  A mt  CZZ, 


Smpi* 

GC/MS  Cod* 

ng/ul 

ng/ul 

*  Error 

ng/u 

ng/ul 

t  Error 

VS  10-27-66  1 

TB61028 

6.193 

5.390 

9.76 

4.340 

3.740 

13.8 

VS  10-27-66  II 

TB71028 

2.478 

2.300 

0.89 

1.736 

1.630 

4.95 

vs  10-27-86  id 

TB21029 

0.620 

0.611 

1.43 

0.434 

0.405 

6.68 

vs  10-27-66  iv 

TB9I028 

0.248 

0.264 

6.45 

0.174 

0.182 

4.60 

VS  10-27-66  V 

TB41029 

0.0991 

0.127 

28.1 

0.0694 

0.0864 

24.5 

VS  10-27-66  VI 

TBI01029 

0.0496 

0.0663 

34.1 

0.0347 

0.0487 

40.3 

(Note:  TRCE  •  tatrach I oroettiy I *n« ,  CS2  ■  chloroOentan#) 

w  _  Expected  Amt  -  Calculated  Amt  .. 

%  Error  -  - Kpect1d”S5t -  x  10°* 

1.  Equipment 

Samples  and  standards  were  analyzed  using  combined  capillary  column 
GC/KS.  The  gas  chromatograph,  a  Hewlett-Packard  (HP;  5890,  was  equipped  with 
a  30  m  x  0.33  am  l.d.  BPI  bonded  phase  vitreous  silica  (S.G.E.  Australia) 
capillary  column.  Samples  jere  Injected  In  the  splitless  mode,  with  the 
column  programmed  from  40*C  (Isothermal  for  5  min.)  up  to  220*C  at  6*/m1n. 
The  carrier  gas  flow  rate  was  ^et  at  0.83  ml /min.  The  column  was  coupled 
directly  to  the  Ion  source  of  the  mass  spectrometer,  a  HP  5970A  mass  selective 
detector  'MSQ).  The  quadrupole  mass  filter  of  the  MSO  was  scanned  from  m/e  20 
to  m/e  250  at  a  scan  rate  of  0.9  scans/sec  during  the  run.  The  multiplier 
applied  voltage  was  set  at  1.8  KeV.  The  data  acquired  were  stored  using  the 
HP98165  computer  equipped  with  a  15  M-byte  hard  disc  drive. 
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2.  Quantification 


An  Internal  standardization  method  was  used  to  quantify  the 
experimental  samples.  The  soil  extracts  were  spiked  prior  to  extraction  with 
a  standard  mixture  containing  the  surrogate  standards,  toluene-d8,  octane-du, 
and  decane-d22,  and  also  the  Internal  standard,  m-fluorolodobenzene  (FIB). 
After  extraction,  the  hexane  extract  was  spiked  with  the  Internal  standard  4- 
f luoro-2-1odotoluene  ( IFT) .  An  aliquot  of  this  extract  was  analyzed  by 
GC/MS.  The  distillate  samples  were  spiked  with  the  Internal  standard  IFT 
Immediately  prior  to  analysis. 

Relative  response  factors  (RRF)  were  determined  from  the  analysis  of  a 
standard  solution  containing  the  internal  standards  and  the  surrogate  stan¬ 
dards  (toluene-da  and  decane-d22)  representative  of  the  two  target  compounds 
of  Interest.  Response  factors  were  calculated  from  the  following  equation: 

<M  Mi,) 

RF  •  . 

<*1*>  «*> 

where  Ax  »  total  peak  area  of  the  analyte 

A1$  ■  total  peak  area  of  the  specified  Internal  standard  (IFT) 

Q^s  »  concentration  of  the  Internal  standard  (ng/ul)  (IFT) 

Qx  ■  concentration  of  the  analyte  In  the  standard  (ng/ul) 

The  standard  solution  was  analyzed  In  duplicate  and  an  average 
response  factor  was  generated  for  each  compound  of  interest.  The  values  are 
sutwarlzed  in  Table  A-4. 


TABLE  A-4. 

AVERAGE  RESPONSE  FACTORS  FOR 
CALIBRATION  COMPOUND S 

Compound 

Average  Response  Factor 
With  Respect  to  IFT 

Toluene-d* 

1.45  t  0.01 

Oecane-djj 

1.96  t  0.01 
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The  average  response  factors  for  toluene-d*  and  decane-d22  were  used 
In  the  quantification  of  toluene  and  pentadecane  present  In  the  -ambles. 

The  quantification  of  the  total  aromatics  was  based  on  the  total  area 
sura  of  those  peaks  with  the  characteristic  ra/e  91  In  the  full  GC/MS  profile. 
This  area  response  value  was  subtracted  from  the  total  area  response  for  the 
entire  chromatographic  envelope  to  determine  the  nonaromatic  contributions  to 
the  amount  of  material  present  In  the  soil. 

3.  Recovery  Efficiencies 

The  recovery  efficiency  for  the  soil  extraction  experiments  was  deter¬ 
mined  by  comparing  the  actual  amount  of  the  surrogate  standards  found  In  the 
samples  to  the  expected  amount  based  on  the  known  amount  spiked  onto  the  soil 
sample  prior  to  extraction.  The  actual  amount  of  the  surrogate  standard  was 
determined  from  the  relationship: 

(Ai)  (Is) 

ng/yl 

(A1s>  (RF) 

where  A1  »  peak  area  of  the  surrogate 

A1s  -  peak  area  of  the  Internal  standard 

Is  -  the  concentration  of  Internal  standard  In  the  sample  (ng/u1) 

RF  ■  the  response  factor  determined  from  the  standard  analysis 
(reported  In  Table  A-4) 

The  actual  amount  was  then  compared  to  the  expected  amount  and  a 
percent  recovery  was  calculated.  The  results  are  sumaarlzed  In  Table  A-5. 

TABLE  A-5.  RECOVERY  EFFICIENCIES  FOR  THE  SURROGATE  STANDARDS 
TOLUENE -d*  AND  DCCANE-d„ 


Initial  Soil 

Treated  Soil 

Expt.  No. 

Toluene-d, 

Decane-dj , 

Toluene-d, 

Decane-dj  2 

1 

6 

58S 

96* 

93* 

90*  | 

Note:  Recovery  efficiencies  were  not  calculated  for  Experiment  5 
because  these  soil  samples  were  not  properly  spiked  with  the 
surrogate  standards. 


Good  peak  response  was  obtained  for  the  spent  soil  samples. 

4.  Detection  Halts 

The  detection  Halt  was  defined  as  the  minimum  detectable 
concentration  required  to  produce  a  signal  2.5  times  the  average  background 
signal.  8ased  on  the  signal  response  for  the  Internal  standard  IFT,  the 
detection  Halt  was  determined  to  be  4  ng/ul. 


APPENDIX  B 

ANALYSIS  Of  VOLATILE  HYDROCARBONS  IN  SOIL 
BY  PURSE  AMO  TRAP  PROCEDURE 
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APPENDIX  B 


ANALYSIS  Of  VOLATILE  HYDROCARBONS  IN  SOIL 
BY  PURSE  AND  TRAP  PROCEDURE 

In  this  appendix  the  procedures  for  the  analysis  of  volatile  aromatic, 
aliphatic  and  selected  chlorinated  hydrocarbons  is  given.  Composite  samples 
of  soils  prepared  by  combining  pre-  and  posttest  soil  samples  were  analysed  by 
the  purge  and  trap  procedure.  The  method  for  the  preparation  of  composite 
samples  was  discussed  In  Section  V.A.4  on  page  64.  The  purge  and  trap  analy¬ 
sis  is  a  three-step  procedure.  These  steps  are: 

•  Extraction  of  soil  with  methanol 

•  Purge  and  trap  of  the  soil  extract 

•  Desorption  of  trapped  contaminants  and  Injection  Into  the 
GC/MSD  system. 

The  procedure  for  each  of  the  three  steps  Is  described  below. 

A.  SOIL  EXTRACTION 

1.  Equipment 

Fifty  milliliter  glass  centrifuge  tubes  with  Teflon- lined  screw  caps, 
wrist  action  shaker,  laboratory  centrifuge,  10  and  25  milliliter  volumetric 
flasks,  20  milliliter  pipette,  0-100  mlcrollter  adjustable  automatic  pipette, 
analytical  balance. 

2.  Solvents  and  Standards 

Purge  and  trap  grade  methanol  supplied  by  Burdick  and  Jackson,  99.5 
percent  d«-8enzene  supplied  by  Stohler  Isotope  Chemicals,  Innerberg, 
Switzerland;  Brcmopentafluorobenzene  (BPFB)  supplied  by  Organic  Chemicals 
Olvlslon,  SCM  Corporation. 


3.  Preparation  of  Standards 

The  surrogate  standard,  d6-benzene,  was  prepared  In  methanol  at  a 
concentration  of  approximately  880  yg/ml.  This  standard  was  prepared  gravl- 
metrlcally  In  a  10-nal 11111  ter  volumetric  flask.  The  standard  was  stored  In  8- 
mi 11 11  Iter  amber-colored  vial  with  Teflon-lined  screw  cap.  The  Internal 
standard,  bromopentaf luorobenzene  was  prepared  In  methanol  at  a  concentration 
of  approximately  400  yg/ml.  The  surrogate  standard  was  spiked  on  the  soil 
prior  to  extraction.  The  Internal  standard  was  spiked  to  the  extract. 

4.  Procedure  for  Soil  Extraction 

Approximately  2.0  grams  of  soil  was  accurately  weighed  Into  a  centri¬ 
fuge  tube.  Using  the  100  mlcrollter  automatic,  adjustable  pipette,  50 
mlcrollter  of  the  surrogate  standard  was  spiked  on  the  soil  In  the  centrifuge 
tube.  The  equivalent  concentration  of  the  surrogate  standard  In  the  soil  was 
22  ppm.  Then,  using  a  20  milliliter  pipette,  40  milliliters  of  methanol  was 
added  to  the  centrifuge  tube.  The  tube  was  capped  and  placed  on  a  wrist' 
action  shaker  for  a  period  of  15  minutes.  After  extraction,  the  tube  was 
placed  In  a  centrifuge  for  a  period  of  15  minutes  at  4000  rpm. 

The  supernatant  liquid  was  transferred  to  a  25  milliliter  volumetric 
flask  till  It  was  partially  full.  Then  50  mlcrollters  of  the  Internal  stan¬ 
dard,  8PFB,  was  spiked  Into  the  flask.  The  volume  In  the  flask  was  adjusted 
to  25  milliliters  with  the  clear  supernatant  liquid  from  the  centrifuge 
tube.  The  prepared  extract  was  stored  under  refrigeration  In  a  30-mllllllter 
amber-colored  vial.  The  equivalent  concentration  of  the  Internal  standard  In 
the  sample  was  0.77  yg/ml. 

8.  PURGE  AND  TRAP  PROCEDURE 

1.  Equipment 

Semiautomatic  purge  and  trap  concentrator.  Model  No.  LCS-3,  supplied 
by  Tekmar  Company,  100  mlcrollter  syringe,  5  milliliter  gas  tight  syringe,  and 
syringe  cleaner. 


2.  Sample  Concentration  by  Purge  and  Trap  Procedure 

For  either  standards  or  unknown  sample  extracts,  100  ml crol Iters  of 
the  prepared  sample  was  added  to  5  milliliter  of  water  placed  in  the  sampler 
of  the  purge  and  trap  device.  The  water  was  purged  with  zero  grade  helium  for 
11  minutes,  followed  by  a  4  -minute  dry  purge.  The  desorption  cycle  and  the 
GC/MS  injection  sequence  are  started  simultaneously.  For  the  first  5  minutes 
of  the  desorption  step,  the  GC  column  Is  maintained  at  30°C,  then  heated  to 
220"C  at  a  rate  of  4'C/mlnute,  and  held  at  the  final  temperature  for  3.5 
minutes.  The  desorbed  volatile  components  were  conveyed  through  a  heated  line 
to  the  carrier  gas  Input  of  the  GC/MS  Injector  pert.  This  was  achieved  by 
routing  the  GC/MS  carrier  gas  through  the  desorb  gas  inlet  port  of  the  purge 
and  trap  device.  In  the  purge  and  dry-purge  mode  the  desorb  gas  was  bypassed 
by  the  six-position  valve  in  the  purge  and  trap  device,  and  conveyed  directly 
to  the  carrier  gas  input  of  the  GC/MS  Injector  port. 

At  the  end  of  the  desorb  cycle,  the  bake  cycle  was  Initiated  during-' 
which  the  traps  are  heated  to  180#C  for  a  period  of  7  minutes.  At  the  end  of 
the  bake  period,  the  Instrument  Is  allowed  to  cool  until  the  trap  temperature 
falls  below  30*C. 

C.  GC/MS  ANALYSIS  ANO  CALIBRATION  PROCEDURE 

1.  Equipment 

Hewlett  Packard  5970A  mass  selective  detector  Interfaced  with  Hewlett 
Packard  5890  gas  chromatograph;  30  meters  long,  0.33  millimeters  Internal 
diameter,  B1  bonded  phase  vitreous  silica,  capillary  column  supplied  by  SGE, 
Australia.  The  GC  column  was  directly  coupled  to  the  Ion  source  of  the  mass 
spectrometer. 

2.  Solvents  and  Standards 

Purge  and  trap  grade  methanol,  supplied  by  Burdick  and  Jackson;  hydro¬ 
carbon  free,  deionized  miniport  water;  methylene  chloride,  chloroform,  1,1,1- 
trlchloroethane,  benzene,  cyclohexane,  trichloroethylene,  toluene,  octane, 
tetrachloroethylene,  chlorobenzens,  BP^B,  and  d*-benzene. 
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3.  GC/MS  Operating  Conditions 

The  GC  oven  was  temperature  programed  to  hold  the  Initial  temperature 
at  30*C  for  5  minutes,  followed  by  a  temperature  ramp  of  4°C/minute  to  220oC 
where  tne  temperature  was  held  for  3.5  minutes.  The  injection  port  tempera¬ 
ture  was  250*C.  The  quadruple  mass  filter  was  scanned  from  m/e  *  45  to  m/e  - 
260  at  a  scan  rate  of  0.5  scans/sec  during  the  full  scan  analysis.  The  full 
scan  analysis  was  used  to  select  the  Ions  to  be  monitored  in  the  single  ion 
mode  for  er  *h  of  the  9  target  compounds.  The  analysis  of  the  unknown  samples 
was  done  In  the  single  Ion  mode  based  on  the  selected  Ions.  Table  B-l  pro¬ 
vides  a  list  of  target  compounds  for  the  pretest  soil  samples  and  their  corre¬ 
sponding  Ion  mass  ratio. 


TABLE  B-l.  TARGET  COMPOUNDS  FOR  PRETEST 
PURGE  AND  TRAP  SAMPLES 


Compound 

«/e 

1 , 1 , 1- Trl ch 1 oroethane 

97 

Benzene 

78 

Trlchlof  thylene 

97 

Toluene 

91 

Octane 

71 

Tetrachlorc  hylene 

164 

BPFB* 

246 

d, -Benzene 

84 

Chlorobenzene 

112 

*BPFB:  8romopentaf luorobenzene 


Ourlng  the  analysis  of  the  pretest  soil  samples,  many  of  the  chlori¬ 
nated  species  were  not  detected  in  the  soil.  Therefore,  these  targetted 
compounds  were  dropped  during  the  posttest  soil  sample  analyses.  Table  B-2 
gives  the  list  of  target  compounds  for  the  posttest  soli  samples.  The  d,- 
benzene  was  usld  as  a  surrogate  to  assess  recovery  efficiency,  while  BPFB  was 
used  as  an  Internal  standard. 


TABLE  B-2.  TARGET  COMPOUNOS  FOR  POSTTEST 
PURSE  AM)  TRAP  SAMPLES 


Compound 

m/e 

Toluene 

91 

Chlorobenzene 

112 

Octane 

71 

BPFB* 

246 

d4-8enzene 

84 

*8PFB:  Bromo  pentafluorobenzene 


In  addition  to  the  target  compounds,  the  total  allphatlcs  were  esti¬ 
mated  by  summing  the  area  contributions  of  all  compounds  containing  a  m/e  -  71 
fragment.  The  total  aromatics  were  estimated  by  sunning  the  area  contribu¬ 
tions  of  all  compounds  containing  a  m/e  •  91  fragment.  The  area  response  of 
the  allphatlcs  was  converted  to  a  equivalent  octane  concentration  by  using  the'- 
relative  response  factor  for  octane  and  the  aromatics  were  reported  as  equiva¬ 
lent  toluene. 

4.  Determination  of  GC/MS  Linear  Range 

The  linear  response  range  of  the  GC/MS  system  was  determined  for  each 
of  the  targetted  compounds  listed  In  Table  8-1  by  Injecting  three  different 
standards  In  the  range  of  1.0  to  10  ng/ul.  Table  B-3  provides  the  Information 
on  the  results  of  the  linearity  studies.  A  straight  line  was  fitted  to  each 
curve  and  the  coefficient  of  determination,  r,  was  determined.  The  results 
show  that  the  system  response  Is  linear  In  the  range  of  1  to  10  nanogram  on 
column. 

5.  Calibration  of  the  Analytical  System 

The  analytical  system  comprises  of  the  purge  and  trap  device  connected 
to  the  sample  Injection  port  of  the  GC/MS  system.  The  calibration  of  the 
system  was  done  by  running  three  different  calibration  standards  to  determine 
the  relative  response  factors  for  each  targetted  compound.  The  concentration 
of  the  calibration  standards  was  such  that  when  100  micro! Iters  were  Injected 
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TAflCE  B-J.  DETERMINATION  Of  LINEAR  RESPONSE  RANGE  FOR  TX  GC/KS  SYSTEM 
(All  34S46  OA  1.0  yl  Injection) 


Coaoonant 

Mass  on  Coluan 

ng 

r 

Area 

Rasponsa 

X 

Inrarcapt 

C 

Slop* 

• 

r  * 

Matnyl ana  cniorida 

l  .06 

46,326 

0.607 

9.09  *  I0*S 

1.000 

3.18 

287,629 

10.60 

1  ,098,204 

Ch I oroiorm 

0.895 

38,693 

1.37 

8.44  x  to'* 

0.963 

2.69 

58,005 

8.95 

900,417 

Tricftloroathana 

1 .17 

110,280 

0.274 

9.91  x  10'* 

0.998 

3.51 

302,716 

11.71 

1,158,744 

Banzaoa 

1.05 

344,608 

0.145 

3.15  x  10'S 

0.998 

3.15 

883,737 

10.49 

3,300,388 

Tr  i  eft  l  or  oathy  1  ana 

0.88 

98,267 

0.236 

8.03  x  lO'8 

0.998 

2.64 

269,812 

8.78 

1,083,554 

Toluana 

'.04 

193,304 

0.273 

4.99  x  10'« 

0.998 

3.12 

522,304 

10.40 

2,039,958 

Octana 

0.98 

122,848 

0.241 

8.23  x  10'* 

0.996 

2.95 

290,348 

9.84 

1,172,305 

Tatracn l oroaf ny 1  ana 

0.97 

125.710 

0.107 

7.44  x  10'S 

1.000 

2.92 

366,855 

9.74 

1.297,209 

Ch 1 oroOaniana 

1.11 

182,198 

0.294 

5.72  x  10** 

0.998 

3.32 

479,595 

11.08 

1,889,588 

8FP9 

1.19 

190,094 

0.388 

3.81  x  10'* 

0.998 

3.57 

484.115 

11.89 

1 ,988,300 

Into  the  sampler  of  the  purge  and  trap  device,  the  amount  delivered  on-column 
of  the  GC  was  In  the  range  of  1  to  10  nanogra*.  In  all  analyses,  a  10:1 
splitter  was  used  to  split  away  the  saj*>le  prior  to  delivery  on  column.  Table 
B-4  lists  the  concentration  of  the  target  compounds  in  the  three  different 
standards. 
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TABLE  B-A.  CONCENTRATION  OF  CALIBRATION  STANOARDS  USED 
FOR  PRETEST  SOIL  SAMPLE  ANALYSIS 


Standard  Number 

310 

33 

31 

Component 

Concentration,  ng/ 

yl 

Methylene  chloride 

1.06 

0.32 

0.106 

Chloroform 

0.90 

0.27 

0.090 

Trlchloroethane 

1.17 

0.35 

0.117 

Benzene 

1.05 

0.31 

0.105 

Trichloroethylene 

0.88 

0.26 

0.088 

Toluene 

1.04 

,0.31 

C.104 

Octane 

0.98 

0.30 

0.098 

Tetrachloroethylene 

0.97 

0.29 

0.097 

Chlorobenzene 

1.11 

0.33 

0.111 

BPFB 

1.19 

0.36 

0.119 

d6-Benzene 

0.95 

0.29 

0.095 

Approx,  mass  on  column 
for  ICO  ul  Injection 
with  10:1  split,  ng 

10 

3.0 

1.0 

For  posttest  samples,  two  standard  solutions  were  made.  These  solu¬ 
tions  contained  only  five  components  as  listed  In  Table  B-5.  All  the  other 
components  were  eliminated  because  these  were  not  detected  In  the  pretest  soil 
samples. 


TABLE  8-5.  CONCENTRATION  Of  CALIBRATION  STANGARDS  USED 
FOR  POSTTEST  SOIL  SAMPLE  ANALYSIS 


Standard  Number 

1 

2 

Component 

Concentration,  ng/ 

ill 

Toluene 

.520 

.260 

Chlorobenzene 

.553 

.277 

Octane 

.492 

.246 

BPFB 

.594 

.297 

d*-8enzene 

.475 

.238 

Approx,  mass  on  column 

for  100  U1  injection 
with  10:1  split,  ng 

5 

2.5 

The  relative  response  factor,  RF,  for  any  component  X  was  calculated 
with  the  following  equation: 

AX  W1s 
or  m  — _ — 

*  wx  A1s 

where  Ax  »  area  response  for  component  x 

Ux  «  mass  on  column  for  component  x,  ng 

W1s  •  mass  on  column  for  the  Internal  standard  (BPFB) ,  ng 

A*s  -  area  response  for  the  Internal  standard. 


The  pretest  soil  samples  were  analyzed  In  the  period  9/30/87  through  10/8/87. 
In  this  time  Interval,  standards  were  Injected  dally  to  determine  the  day-to- 
day  variation  In  the  component  response  factors.  Table  8-6  lists  the  data  on 
dally  determination  of  response  factors;  It  also  provides  the  average,  stan¬ 
dard  deviation  (SO),  and  percent  relative  standard  deviation  for  all  the 
components.  The  overall  average  response  factors  were  used  In  the  calcula¬ 
tions  of  unknown  sample  concentrations. 

The  response  factors  for  posttest  soil  samples  were  developed  by 
injecting  the  two  standards  described  In  Table  8-5.  At  least  one  standard  was 
injected  every  day  when  the  posttast  samples  were  being  analyzed.  The  average 
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TABLE  B-6.  RELATIVE  RESPONSE  FACTORS  FOR  PRETEST  PURGE  ARD  TRAP  SAFPlE  AHALVSIS 


response  factors  over  all  the  calibration  standard  runs  were  used  for  data 
reduction.  Table  8-7  gives  a  suninary  of  the  average  response  factors,  stan¬ 
dard  deviation  and  relative  standard  deviation  for  each  component. 


TABLE  B-7.  AVERAGE*  RESPONSE  FACTORS  FOR  POSTTEST 
PURGE  AND  TRAP  ANALYSIS 


Component 

Response 

Factor 

Standard 

Deviation 

Relative 

Standard 

Deviation 

ds-8enzene 

1.506 

0.147 

9.8 

Toluene 

3.066 

0.48? 

15.7 

Octane 

0.295 

0.041 

13.9 

Chlorobenzene 

1.276 

0.186 

14.6 

♦Average  of  10  calibration  runs,  with  two  different 
standards. 


6.  Data  Reduction 

The  GC/MS  data  was  used  for  the  calculation  of  contaminant  concentra¬ 
tion  In  soil.  All  concentration  data  was  reported  on  a  moisture-free  basis. 
The  following  equations  were  used  to  determine  the  concentration  of  Individual 
components. 

The  amount  of  component  x  delivered  on  column  was  calculated  by 

u  *x  "l, 

where  Ax  -  area  of  component  x 

(RF)X  •  response  factor  of  component  x 
W1s  -  mass  of  internal  standard,  BPFB,  In  ICO  M1  injection  volume,  ng 
A1s  -  area  of  Internal  standard. 

The  concentration  of  component  X  In  the  extract  Is  given  by 
cx  "  TS5  {53}*  09/111  or  w9/>1 
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The  concentration  of  component  x  In  soil  Is  given  by 

40  Cx 

S  •  T— J-  ,  ug/gm  or  ppm 
x  w  Ts 

where  Cx  *  concentration,  ug/ml  of  the  extract 

Sy  -  mass  of  soil  extracted  In  40  milliliters  of  MeQH,  gm 
f$  «  fraction  dry  soil  In  the  sample. 

The  recovery  of  surrogate,  d,-benzene  was  calculated  by  determining  the  mass 
on  column,  Wx,  and  comparing  It  to  the  known  amount  of  surrogate  spiked  Into 
the  soil  prior  to  extraction. 

In  the  posttest  samples.  It  was  found  necessary  to  make  corrections 
for  solvent  blank  background  levels.  Three  different  runs  were  made  In  which 
100  :f  methanol  solvent  was  Injected  Into  the  purge  and  trap  device  and 
analyzed  as  If  a  sample  extract  was  Injected.  For  each  run,  the  area  response^ 
for  total  aromatics,  total  allphatlcs,  and  toluene  was  determined.  A  blank 
correction  was  made  by  subtracting  the  average  blank  areas  from  the  corre¬ 
sponding  area  response  of  the  real  sample.  The  reason  for  making  this  correc¬ 
tion  for  posttest  samples  Is  due  to  the  low  levels  of  the  contaminants  present 
In  the  treated  soil,  such  that  the  area  response  of  the  component  In  the 
sample  was  comparable  to  the  blank  response. 
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APPENDIX  C 


SC /MS  PROCEDURE  FOR  THE  ANALYSIS  OF  SOIL  EXTRACT 

FOR  SEMIVOLATILES 

All  the  jet  fuel  contaminated  soil  samples  obtained  from  the  field  were 
analyzed  for  semivolati les  aromatics,  allphatlcs  and  hexadecane.  Hexadecane 
was  selected  as  a  marker  compound  for  the  upper  end  of  the  range,  since  It  has 
a  normal  boiling  point  of  290*C.  The  purge  and  trap  procedure  Is  not  recom¬ 
mended  for  the  determination  of  semivolatiles,  due  to  poor  recovery  effi¬ 
ciency  of  materials  with  boiling  points  In  excess  of  120*C. 

Prior  to  GC/MS  analysis,  the  soils  were  subjected  to  a  steam  distillation, 
liquid-liquid  extraction  to  remove  the  contaminants  from  the  soil  and  transfer 
them  to  a  suitable  solvent.  The  extraction  was  performed  In  a  Nlelson-Krleger 
steam  distillation,  extraction  apparatus  described  In  Section  A  of  Appendix 
A.  The  extraction  procedure  for  soil  samples  Is  also  described  In  Appendix  A. 
In  this  appendix,  the  GC/MS  analytical  procedure  used  for  the  analysis  of 
semivolatiles  In  the  soil  extract  Is  described.  The  GC/MS  procedures  pre¬ 
sented  herein  are  to  be  distinguished  from  those  presented  In  Appendix  A.  The 
procedures  presented  here  are  for  field  samples  containing  several  hydrocarbon 
contaminants  whereas  those  presented  In  Appendix  A  are  for  soils  spiked  with 
two  contaminants. 

A.  GC/MS  Analysis  and  Calibration  Procedure 

1.  Equipment 

The  GC/MS  system  used  for  this  analysis  was  the  same  as  that  used  with 
the  purge  and  trap  system.  Please  see  Appendix  8*  Section  C. 
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2.  Solvents  and  Standards 

HPLC  or  better  grade  hexane;  d22-decane,  99.3  atomic  percent  deuterat- 
ed,  supplied  by  MSC  Isotopes,  Merck  Frost,  Montreal,  Canada;  d#-napthalene, 
98+t  deuterated,  supplied  by  Aldrich  Chemical  Company;  d9-toluene,  99+<  deu- 
terated,  supplied  by  Aldrich  Chemical  Company;  and  n-hexadecane,  99+X  pure, 
ASTM  grade. 

3.  GC/MS  Operating  Conditions 

The  GC  oven  was  temperature  programmed  to  hold  the  Initial  temperature 
at  30*C  for  5  minutes  after  direct  Injection  of  1.0  microliter  of  the  sample. 
The  oven  was  then  heated  at  4*C/»1nute  to  250*C.  The  Injection  port  was 
maintained  at  250*C.  The  solvent  delay  was  15  minutes.  Like  the  purge  and 
trap  analysis,  the  GC/MS  data  was  acquired  for  specific  target  Ions  represent¬ 
ing  dj-napthalene,  d22-decane,  n-hexadecane,  and  also  for  determining  all 
species  with  m/e  *  71  and  91  fragments.  The  area  of  all  components  with  a  m/e 
-  71  fragment  was  used  to  estimate  the  concentration  of  total  allphatlcs  which 
were  reported  as  equivalent  hexadecane.  The  area  of  all  components  with  m/e  » 
91  fragment  was  used  to  estimate  the  concentration  of  total  aromatics  which 
were  calibrated  against  the  equivalent  Ion  m/e  ■  98  from  d9-toluene. 

4.  Calibration  of  the  GC/MS  System 

The  calibration  of  the  GC/MS  system  was  done  by  Injection  of  standards 
containing  the  target  compounds,  surrogate  and  Internal  standards  at  two 
levels.  Table  C-l  gives  the  composition  of  the  standards  used  for  determina¬ 
tion  of  the  relative  response  factors  used  for  analysis  of  the  pretest  soil 
samples.  d,-Naptha1ene  was  used  as  an  Internal  standard. 


TABLE  C-l.  CALIBRATION  STANDARDS  FOR  PRETEST  SOIL 
ANALYSIS  FOR  SEMI  VOLATILES 


Composition,  nq/ul 


Component 

Ion 

gjjjgj] 

Toluene-d* 

98 

141.0 

14.1 

Hexadecane 

71 

140.0 

14.0 

Naptha lene-d, 

136 

152.0 

15.2 

0ecane-d22 

57 

146.0 

14.6 
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For  tne  posttest  soil  samples,  the  calibration  standards  are  described 
In  Table  C-2. 

TABLE  C-2.  CALIBRATION  STANDARDS  FOR  POSTTEST  SOIL 
ANALYSIS  FOR  SEMI  VOLATILES 


Component 

Ion 

Composition, 

st&T  — 

Toluene-d* 

98 

83.75 

41.88 

Hexadecane 

71 

86.25 

43.12 

Napthalene-d* 

1336 

79.75 

39.88 

Decane-d22 

57 

81.75 

40.88 

The  pretest  samples  were  analyzed  In  the  period  11/4/87  through 
12/1/87.  In  this  time  Interval,  the  standards  listed  In  Table  C-l  were  used 
for  determination  of  the  relative  response  factor.  A  total  of  16  calibration 
standard  Injections  were  made.  The  response  factors  were  calculated  by  the 
following  equation:  A  H 

(RF)X  "  jr 

X  Wx  A1$ 

where  A^  ■  area  of  component  x 

Wx  -  mass  of  component  x  In  1.0  yl  Injection  of  the  standard 
W1s  ■  mass  of  the  Internal  standard  In  1.0  vl  Injection,  ng 
A1s  ■  area  of  the  internal  standard. 

In  Table  C-3,  the  average  response  factors,  standard  deviation,  and 
relative  standard  deviation  based  on  16  injections  of  the  two  standards  listed 
In  Table  C-l,  Is  given. 

In  Table  C-4,  the  average  response  factors,  standard  deviation,  and 
relative  standard  deviations  for  the  analysis  of  posttest  soil  samples  Is 
given.  These  data  are  based  on  the  Injections  of  the  two  calibration 
standards  listed  In  Table  C-2.  The  average  Is  based  on  four  different 
Injections  of  the  standards  between  2/9/88  through  2/12/88  during  which  all 
the  posttest  samples  were  analyzed  for  semivolatiles. 
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TABLE  C»3.  AVERAGE  RESPONSE  FACTORS  FOR  PRETEST  SOIL 
•  ANALYSIS  FOR  SEMIVOLATILES 


Component 

Ion 

Response 

Factor 

Standard 

Deviation 

Relative 

Standard 

Deviation 

X 

Toluene-d4 

98 

0.639 

0.0599 

9.365 

Hexadecane 

71 

0.467 

0.0244 

5.23 

Naptha lene-de 

136 

1.000 

- 

• 

Decane-d22 

57 

0.532 

0.0827 

15.54 

TABLE  C-4. 

AVERAGE  RESPONSE  FACTORS  FOR  POSTTEST  SOIL 

ANALYSIS  FOR  SEMI  VOLATILES 

Component 

lor 

Response 

Factor 

Standard 

Deviation 

Relative 

Standard 

Deviation 

X 

Toluene-d8 

98 

0.539 

0.041 

7.62 

Hexadecane 

71 

0.378 

0.057 

15.1 

Napthalene-d* 

136 

1.000 

- 

- 

Decane-d22 

57 

0.5139 

0.0675 

13.1 

5.  Data  Reduction 

The  GC/MS  data  was  used  for  the  calculation  of  contaminant  concentra¬ 
tion  In  soil.  All  concentration  data  was  reported  on  a  moisture-free  basis. 
The  following  equations  were  used  to  determine  the  concentration  of  Individual 
components. 

The  amount  of  component  x  In  the  Injected  sample  was  calculated  from 


where  Ax  -  area  of  component  x 

(RF)X  •  response  factor  of  component  x 
W1s  •  mass  of  Internal  standard,  d»-napthalene  In  1.0  ul  Injection,  ng 
A1s  •  area  of  Internal  standard. 
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APPENDIX  D 

RESULTS  OF  EP-TOXICITY  TEST  PROCEDURE 
ON  -TRENCH-  AREA  SOIL  SAMPLES 
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APPENOIX  0 


RESULTS  OF  EP-TOXICITf  TEST  PROCEDURE 
OH  "TRENCH*  AREA  SOIL  SAMPLES 


Samples  of  soil  were  obtained  from  the  trench  areas  prior  to  excavation. 
These  samples  were  analyzed  by  EPA  Standard  Method  1310  (Reference  4)  to 
determine  whether  the  trench  area  soil  was  hazardous  as  per  EP-toxIcIty  test, 
particularly  for  lead  and  heavy  metals.  This  Information  was  obtained  to 
determine  how  the  excavated  soil  would  be  disposed  off  If  It  was  hazardous  due 
to  high  concentrations  of  heavy  metals. 

Ten  holes  were  made  In  the  proposed  trench  area,  and  samples  were 
retrieved  from  depth  Intervals  of  6-12  In.,  and  30-36  In.  From  four  of  these 
10  holes,  samples  were  also  obtained  from  a  depth  Interval  of  66-72  In. 
Samples  from  corresponding  depth  Intervals  were  combined  together  to  make, 
three  composite  samples.  In  addition  to  these  composite  samples,  one  sample 
from  6-12  In.  depth  and  another  from  30-36  in.  depth  were  also  submitted. 
These  samples  were  analyzed  by  an  outside  laboratory  for  heavy  metals  by  EPA 
Method  1310.  Table  0-1  Is  a  svamwry  of  results  of  five  samples  submitted  for 
EP-toxIcIty  test.  The  results  show  that  the  trench  area  soil  Is  not  hazardous 
for  heavy  metals  as  per  the  EP-toxIcIty  test  procedure. 


taou  o-«.  iwajs  or  EP-Toucrrr  oest  (Epa  nethoo  ijio) 

tA-roaiclfy  tancnft  tuition  (»a/t) 

AS  U  C4  Zr  P5  Ug  S«  Ag  Al  I  oat— 


S«tl« 

1.0. 

t  m 

0*t* 

lA« 

(9.0) 

(100.0) 

(1.0) 

(9.0) 

(9.0) 

(0.2) 

(1.0) 

(9.0) 

A 

Coapoal f* 

<0.001 

<1.0 

<0.10 

<0.10 

<0.10 

OnlO’1* 

<0.001 

<0.10 

a 

Caamtt* 

30-3* 

<0.001 

<1.0 

<0.10 

<0.10 

<0.10 

OnlO"** 

<0.001 

<0.10 

c 

Coaooalt* 

t*-T2 

<0.001 

<1.0 

<0.10 

<0.10 

<0.10 

<1*10'** 

<0.001 

<0.10 

0 

Point 

»-i  r* 

<0.001 

<1.0 

<0.10 

<0.1« 

<0.10 

<  1 M  I0~ ** 

<0.001 

<0.10 

mou  m 

E 

Point 

30-34 

<0.001 

<1.0 

<0.10 

<0.10 

<0.10 

1*10"'» 

<0.001 

<0.10 

Hoi*  nor 
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SUBURBAN  LABORATORIES,  Inc. 

«i4*  utt  w*vt  mujioc  hunm  mm  •  no 


Aujuat  23,  1JI7 


Hiraotui.A 


Illinois  Iastltuta  of  Tocaaolagy  laaoareh  lasticuca 
10  WasC  33th  Straac 
Chicago,  Uliaoia  *0414 
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Figure  0-5.  EP-ToxIdty  Teet  Results  for  •Trench*  Aret  S«p1#  E. 
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APPENDIX  E 


SOIL  TEMPERATURE  DISTRIBUTION  DATA 

A  total  of  49  teaperature  aeasureaent  points  were  available  In  the  heated 
zone  and  the  “trench*  area.  Figure  E-l  Is  a  plan  view  of  the  heated  array 
which  shows  the  various  planes  and  sections  In  which  teaperature  data  are 
'vallable.  In  Figures  E-2  through  E-8  teaperature  data  In  the  ground  planes 
and  the  exciter  planes  are  presented.  Figure  E-9  shows  the  rate  of 
temperature  rise  at  a  point  In  the  center  of  the  heated  volume. 
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Figure  E-3.  Tesaserature  Distribution  Along  Plane  BB 
In  Region  1  at  12-Inch  Depth. 
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Figure  E-4.  Teaperature  Distribution  Along  Exciter  Row 
Depth  72  Inches. 


170 


Temperature 


Temperature 


— &— •  0  Hr* 

A  5  Hr* 

. H  H  C  S 

-  -*•  -  24  Hr* 

•  O  • -  48  Hr* 

—Hi —  72  Dr* 

— <#—  192  Hr* 

-  -  294  Hr* 

F1<jurt  E-7.  Teapertture  Distribution  Along  Row  3 
*  In  Region  1  «t  96-Inch  depth. 
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E-9.  Rate  of  Temperature  Rise  at  the  Center  of  the 
Heated  Volume. 
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